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Kurzfassung

Die Entdeckung und das wachsende Verstindnis quantenmechanischer Zusammenhinge, das
in den letzten Jahrzehnten gewonnen wurde, ermdglicht die Umsetzung einer Reihe neuer
Technologien. Quantencomputer konnen in der Theorie bestimmte Probleme der Informatik
signifikant schneller 16sen als klassische Computer und quantenmechanische Systeme deutlich
effizienter simulieren. Informationstechnische Systeme konnten durch Quantenkryptographie
und Quantenschliisselaustausch deutlich sicherer gemacht werden. In einem quanteninfor-
mationstechnischen System ist das Quantenbits (Qubits) die informationstechnisch kleinste
Einheit. Die Realisierung von Qubits mit Hilfe von Photonen bietet verschiedene Vorteile: das
Photon ist die kleinste Einheit von Quanteninformation und potentiell frei von Dekohirenz,
in einem Photon gespeicherte Quanteninformation bleibt typischerweise erhalten.

Die Realisierung von quanteninformationstechnischen Systemen mit photonischen Qubits
kann mithilfe eines 2001 durch Knill, Laflamme und Milburn vorgestellten Konzepts erfol-
gen. Dieses so genannte KLM-Schema erlaubt die Realisierung von Quantenschaltkreisen auf
Basis von Elementen der linearen Optik: Einzelphotonenquellen, Strahlteilern und Einzelpho-
tonendetektoren. Die Einzelphotonendetektoren sollten fiir das KLM-Schema eine Photo-
nenzahlauflosung von vier Photonen besitzen. Analog zu klassischen Schaltkreisen werden
komplexe Operationen erst durch das Zusammenschalten einer Vielzahl einzelner Elemente
moglich. Um dies zu bewerkstelligen, ist eine Miniaturisierung der einzelnen Elemente er-
forderlich. Um eine hohe Skalierbarkeit zu erreichen, ist die monolithische Integration aller
Elemente auf einem einzelnen Chip notwendig. Dies ist moglich auf Basis eines GaAs-Chips.
GaAs erlaubt die Integration von Quantenpunkten als Einzelphotonenquellen und Wellen-
leitern welche eine Photonenfiihrung und die Umsetzung von Strahlteilern ermoglichen.
Supraleitende Nanodraht Einzelphotonendetektoren (SNSPD) konnen auf Wellenleiter inte-
griert werden und erlauben die Detektion von Einzelphotonen mit einer hohen Detektionsef-
fizienz, einer hohen Zihlrate und hoher Zeitauflosung. Um eine hohe Ununterscheidbarkeit
von Emittierten Einzelphotonen zu erreichen, was eine notwendige Eigenschaft fiir die Real-
isierung eines quantenphotonischen Schaltkreises ist, miissen die Quantenpunkte durch einen
zur Energieliicke resonanten Laser angeregt werden. Zudem sollten die Wellenleiter nur die
Fundamentalmode fiihren.

Das Ziel der vorliegenden Arbeit ist die Entwicklung von SNSPD fiir die monolithische,
skalierbare Integration aller Kernkomponenten zum Aufbau eines vollstindig integrierten
quantenphotonischen Chip auf Basis von GaAs.

SNSPD bestehen aus einem Nanodraht mit einer Dicke von typischerweise 5 nm und einer
Breite von 100 nm. Um eine vollstindige Funktionalitit des Detektors bei einer Temperatur
von 4.2 K zu gewihrleisten, wird NbN als Supraleitermaterial verwendet: Der SNSPD sollte
hierzu eine kritische Temperatur von mindestens 10 K besitzen. Die Herstellung von hochqual-
itativen NbN Schichten auf GaAs stellt eine Herausforderung dar. Eine begrenzte thermische
Stabilitdt des GaAs und die Diffusion von Arsen und Sauerstoff von der Substratoberfliche
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in Kombination mit einer starken Gitterfehlanpassung erschweren das Schichtwachstum von
NbN auf GaAs. Um eine qualitativ hochwertige Schicht zu erhalten, wurde der Abschei-
dungsprozess fiir NbN untersucht. Zusétzlich wurde der Einfluss einer AIN Pufferschicht auf
die NbN Schichtqualitit untersucht. Mit Hilfe einer 12 nm dicken AIN Pufferschicht konnte
eine kritische Temperatur von 12.1 K fiir eine 5.5 nm dicke NbN Schicht erreicht werden.
SNSPDs wurden auf GaAs mit und ohne AIN Pufferschicht hergestellt und miteinander
beziiglich ihrer Detektionseigenschaften verglichen. Dafiir wurde ein Detektordesign en-
twickelt das die spidtere Integration der Detektoren auf einen phonischen Wellenleiter erlaubt.
Das Design basiert auf einer archimedischen Doppelspirale, um den sogenannten ,,current
crowding effect” zu verringern. Durch den Einsatz der Pufferschicht konnte sowohl die De-
tektionseffizienz gesteigert werden sowie die Dunkelzéhlrate verringert werden.

Durch den ,,current-crowding effect™ wird die lokale Stromdichte bei kleinen Kriimmungsra-
dien auf der Innenseite der Kriimmung erhoht, was den kritischen Strom und damit die
Detektionseffizienz des SNSPDs verringert und zu einer erhohten Dunkelzidhlrate fiihrt.
Um den ,,current-crowding effect* zu verringern, ist ein Spiraldesign nicht fiir alle Anwen-
dungsfille die beste Wahl: Auf diinnen Wellenleitern fehlt der notwendige Platz und das
Umsetzen eines Detektors mit Photonenzahlauflosung ist nur durch ein komplexes Design mit
einer Vielzahl von Schichten zu realisieren. Daher wird in dieser Arbeit das Konzept eines
SNSPDs mit einer variablen Schichtdicke vorgestellt. Durch eine deterministische Erhdhung
der Schichtdicke soll die Stromdichte in den Knicken verringert werden. Dadurch limitieren
die Knicke nicht mehr den kritischen Strom des Detektors. Hierzu wurden Meander-SNSPD
mit variabler Schichtdicke und mit gleichmiBiger Schichtdicke hergestellt und verglichen.
Durch die variable Dicke konnte eine Erhohung des kritischen Stroms um 30 + 4 % erreicht
werden. Durch die Erhohung des kritischen Stroms konnte die intrinsische Detektionsef-
fizienz von 32 % auf 97 % fiir eine Wellenldnge von 500 nm gesteigert werden. Zudem wurde
die Dunkelzihlrate um eine Gro3enordnung verringert.

Klassische SNSPDs sind aufgrund ihres zugrundeliegenden Detektionsmechanismus lediglich
dazu in der Lage einzelne Photonen zu detektieren. Um die notwendige Mehrphotonende-
tektion mit SNSPD zu realisieren, wurde ein Konzept umgesetzt, das erstmals 2012 von
Jahanmirinejad et al. vorgeschlagen und umgesetzt wurde. Das Design wurde angepasst, um
die Integration auf einem photonischen Wellenleiter zu ermoglichen. Die Photonenzahlau-
flosung wurde fiir verschiedene Lichtquellen in einem Wellenldngenbereich von 740 nm bis
1550 nm getestet. Die Genauigkeit der gemessenen Photonenstatistik wurde mithilfe von
ultrakurzen Laserpulsen evaluiert. Der entwickelte 3-pixel SNSPD auf Saphir bildet die
Statistik eines 1550 nm Femtosekundenlasers mit einer Repetitionsrate von 100 MHz bis zu
einer mittleren Photonenzahl von 60 Photonen pro Puls korrekt ab. Hierbei erreichte der
Detektor eine Detektionseffizienz von 8.5 %. Der entwickelte 4-pixel SNSPD auf GaAs kann
die Statistik eines 900 nm Picosekundenlasers mit einer Repetitionsrate von 76 MHz bis zu
einer mittleren Photonenzahl von 5 Photonen pro Puls korrekt wiedergeben. Der Detektor er-
reichte hierbei eine Detektionseffizienz von 22.7 + 3.0 %. Um den praktischen Nutzen eines
photonenzahlauflosenden Detektors fiir ein quantenphotonisches System zu testen, wurde
die Detektion einer fast ideale InGaAs/GaAs-Einzelphotonenquelle mit der Detektion einer
gepulsten Laserquelle mit gleicher Intensitét verglichen. Hierbei konnte gezeigt werden, dass
ein photonenzahlaufiésender SNSPD in der Lage ist. eine klassische Lichtquelle von einer
nichtklassischen Lichtquelle zu unterscheiden.

ii
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Um einen SNSPD erfolgreich zusammen mit laserangeregten Quantenpunkten und Wellen-
leitern auf einem GaAs Chip zu betreiben, wurden der Einfluss und die Unterdriickung von
unerwiinschten Detektionsevents untersucht. Im Vergleich verschiedener Ursachen fiir uner-
wiinschte Detektionsevents zeigt sich im Falle einer Laseranregung von Quantenpunkten, dass
die Mehrzahl unerwiinschter Events durch Streulicht des Anregungslasers verursacht werden.
Zur Unterdriickung dieses Streulichts wurde der Einfluss von AI/AIN Abdeckungen und eine
topographische Verdnderung der Chipriickseite untersucht.

Um die Quantenpunktanregung und Detektion der Emission auf einem Chip zu untersuchen,
wurden Quantenpunkte, ein einzelner Wellenleiter und ein SNSPD auf demselben Chip im-
plementiert. Die Photonendetektion wurde unter Anregung von Quantenpunktensembles und
eines resonant angeregten Quantenpunktes untersucht.

Zur Demonstration aller notwendigen Elemente fiir quantenphotonische Schaltkreise auf
einem Chip auf dem Einzelphotonenniveau, wurde ein vollstindiges Hanbury-Brown und
Twiss Setup monolithisch integriert. Das Hanbury-Brown Twiss Setup setzt sich aus Wellen-
leitern mit integrierten Quantenpunkten als Einzelphotonenquellen, einem auf Wellenleitern
basierenden Strahlteiler und zwei SNSPDs als Einzelphotonendetektoren zusammen. Durch
flachige AI/AIN Abdeckungen auf dem Chip konnte ein Signal zu Rauschverhiltnis von 16.2
unter resonanter Einzelphotonenanregung erreicht werden. Die integrierten SNSPDs erre-
ichten hierbei eine Detektionseffizienz von bis zu 47.5 + 15.7 % fiir durch den Quantenpunkt
emittierte Photonen. Die Wellenleiter fiihrten hierbei nur die fundamentale TE-Mode. Der
angeregte Quantenpunkt zeigte eine Feinstrukturaufspaltung und eine Emission mit einem
klaren Einzelphotonencharakter mit einer extern gemessenen 2-photonen Korrelation von
2?(0) = 0.08 + 0.03 fiir gepulste resonante Anregung. Dies zeigt eine klare Einzelphotonen-
emission des integrierten Quantenpunktes. Bei einer TCSPC-Messung mit den integrierten
SNSPDs ist ein deutliches Oszillieren zwischen beiden Feinstrukturbestandteilen sichtbar.
Das Hanbury-Brown und Twiss Experiment mit den integrierten Elementen wurde unter res-
onanter Daueranregung und unter gepulst resonanter Anregung des Quantenpunkts durchge-
fiihrt. Fiir Daueranregung wurde ein g®(0) = 0.24 + 0.06 aus den Rohdaten bestimmt. Nach
Abzug der Dunkelzihlungen wird ein g®(0) = 0.17 + 0.04 erreicht. Dies zeigt, dass iiber
90 % der gemessenen Photonen aus Einzelphotonenemission stammen. Unter gepulster Res-
onanzanregung wurde ein g (0) = 0.59 + 0.06 fiir die Rohdaten und g®(0) = 0.43 + 0.05
nach Abzug der Dunkelzdhlungen gemessen. Dies zeigt, dass iiber 75 % der erfassten Photo-
nen im Falle gepulst resonanter Anregung von der Einzelphotonenemission stammen. Dies
zeigt die volle Funktionalitit aller integrierten Elemente auf dem Einzelphotonenlevel.

Dies ist die erste erfolgreiche Demonstration eines vollstindigen quantenphotonischen Chips
auf einer skalierbaren monolithischen Plattform. Das gezeigte Experiment demonstriert
erstmalig den kooperativen Betrieb aller Grundelemente fiir komplexe quantenphotonische
Logik auf einem einzigen Chip. Dieses Resultat wurde unter Freiraumanregung bei einer
Temperatur von 4 K ohne Verwendung von Time Gating-Techniken und spektraler Filterung
erreicht. Dies zeigt das Potenzial von GaAs als Plattform und SNSPDs als Detektoren fiir
Quanteninformationstechnologien.
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1 Introduction

At the end of the 19th and the beginning of the 20th century, studies of phenomenons that
are caused by ultra small particles like electrons, photons and single atoms started. This led
to the observation of effects that did not fit the classical models in physics. In 1900, Max
Planck introduced the idea that energy is quantized to derive a formula, Planck’s law [1], to
describe the observed frequency dependence of radiation emitted by a black body in "an act of
desperation". This idea was later used by Albert Einstein to explain the photoelectric effect by
the postulation that light can be divided into localized "energy quantas". The idea of describing
physical phenomena as quantized is now known as the theory of quantum mechanics and
allows the description of natural phenomenons on the smallest scale. The further discovery
of quantum effects such as quantum confinement, tunneling or entanglement opened the
field for a vast range of new applications. In the field of quantum information science,
these applications include among others quantum computation, quantum communication and
quantum cryptography. Quantum computers are theoretically able to solve certain problems
more efficient than classical computers. Examples for efficiently quantum algorithms are the
Grover-algorithm [2], which allows a fast search in large databases, or the Shor-algorithm [3],
which allows the factorization of large numbers. The simulation of quantum systems in
classical computers suffers from an exponential increase of computing time in dependence
on the complexity of the simulated system. This could be solved by quantum computers [4].
In a universal quantum computer [5] the slow down should scale linearly on the complexity,
which would result in an exponential speed up. Quantum supremacy is a widely used term
to describe the ability of a quantum computer to solve problems that cannot be solved by a
classical computer and is expected to be demonstrated in the upcoming years [6]. Quantum
communication could allow superadditive scaling which would increase the bandwidth for n
given parallel channels by more than n times of the bandwidth of a single channel. Quantum
cryptography would significantly increase the security of communication protocols and would
allow quantum key distribution which allows the distribution of encryption keys secure against
attacks [7,8]. [9]

All of these applications require the implementation of quantum bits or "qubits". In contrast
to a normal bit with one state that either represents 0 or 1, a qubit has a fixed pair of
reliably distinguishable states that can exist in a continuum of superpositions. To successfully
implement quantum computing several requirements need to be met. The qubits need to
maintain coherence over the full time of a single operation. The system needs to be scalable to
enable complex operations; it should allow the implementation of universal logic and it needs
to be correctable to extract the entropy and maintain the computers quantum state to allow
the next operation [10]. Several technologies for the implementation of quantum computers
are under investigation based on different physical systems with their own advantages and
disadvantages. Whilst superconducting qubits have been demonstrated as the most mature
technology for the scalable realization of quantum processors [11], they suffer from short
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coherence times (micro seconds [10]). Nevertheless, the achievement of quantum supremacy
using superconducting qubits is expected in the coming years once the error rates have
improved [6]. Trapped ions and atoms have very long coherence times (seconds) but require
complex trapping and cooling which makes a high scalability difficult [10]. Photon-based
quantum systems are very promising. A photon is the smallest unit of quantum information
and potentially free from decoherence [12]. Information stored in photons tends to stay there
and can be transported over large distances.

1.1 Photonic-Quantum Computing

A scheme proposed by Knill, Laflamme and Milburn (KLM scheme) [13] allows the realization
of a complete universal quantum logic by the sole use of linear optical elements. The proposed
linear optical quantum computation (LOQC) requires single-photon sources, beam splitters
(BS), phase-shifters, single-photon detectors with a four photon resolution and feedback from
the detector outputs. A further possibility for quantum computing with the same basic set of
photonic elements is boson sampling [14] [15]. It can be implemented with a lower complexity,
however, it is not universal. In both approaches photons are used for the implementation of
so-called "flying qubits". A single qubit is realized either using polarization entanglement in
a single photon by the superposition of two perpendicular polarization states or by a spatial
separation using path-entanglement [16].

While first implementations of basic quantum-photonic gates were demonstrated in free
space [17] [18], free-space optical systems only have a limited scalability. Complex free-
space optical setups are large in size and require extensive adjustments and optimization.
This is difficult to accomplish for a large number of elements. The implementation of
complex photon-based quantum technologies for quantum metrology [19,20] and quantum
simulators and computers [10,12,21] requires the use of a more scalable approach. In classical
electronics, the availability of high complex electronic circuits like ASICs and microprocessors
was enabled by the invention of integrated circuits by Kilby [22] and Noyce [23] in the
1960s. The use of a scalable monolithic approach, which allows the implementation of
all necessary electronic elements onto a single semiconductor, paved the way for a variety
of new possibilities in a vast range of applications in automation, computation, metrology
and communication. Similarly, an on-chip monolithic integration of a quantum-photonic
integrated circuit (QPIC) using a scalable approach, is a major factor in enabling complex
applications based on photonic quantum technologies. The demonstration of the feasibility
of universal monolithic integration requires the demonstration of all basic elements on a
single chip: on-demand single-photon sources, a photonic logic and efficient single-photon
detectors.

1.2 Photonic Logic

A photonic logic can be built up by the use of on-chip waveguide(WG)-based photonic
elements. Similar to classical integrated circuits (IC) based on transistors, arbitrary logic
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functions can be implemented by the use of basic quantum-photonic gates in the KLM-
scheme. Whilst in classical computing complete logical systems can be built using a basic
universal gate like the NAND gate, a complete quantum logic needs the realization of three
different elementary gates. Two gates operate on one single qubit each: the Hadamard gate
(H) which creates a superposition of both qubit eigenstates and a phase gate which implements
a phase shift of 7/4 (T) between the two qubit eigenstates and a third gate operating on two
qubits: a controlled-NOT gate (CNOT) [24]. With the utilization of the Hong-Ou-Mandel-
effect (HOM) [25], the three elementary quantum gates can be realized as photonic gates by
using beam splitters and phase shifters. The used WGs need to operate in a single mode for
the used photon wavelength to enable deterministic interference. Using path entanglement, a
basic CNOT-gate [26] followed by the implementation of a compiled Shor-algorithm has been
demonstrated with full photonic logic on-chip [27]. Waveguide-based elements are scalable
and allow for the implementation of a high number of photonic elements [28] [29] [30].

1.3 Single-Photon Detectors

So far WG integration and single-photon detection have been demonstrated for avalanche
photodiodes (APDs) [31], transition edge sensors (TESs) [32] and superconducting nanowire
single-photon detectors (SNSPDs) [33]. The most investigated detector for QPIC in the
recent years are SNSPDs. The successful WG integration of SNSPDs on different material
systems has been demonstrated by several groups, in some cases alongside further photonic
elements like beam splitters [34] and on-chip photonic filters [35]. A conclusive overview
of so far demonstrated WG integrated SNSPDs can be found in [36]. The strong focus on
SNSPD in comparison to integrated APDs or TES has several reasons. The integration of the
superconducting detectors in a WG is significantly easier than for an APD. The fabrication of an
APD requires a complex multilayer process, while the superconducting detector just requires
a single additional superconducting layer which allows straight forward WG integration.
SNSPD [37] as well as TES [38] can reach detection efficiencies close to unity, whilst
InGaAs-APDs have detection efficiencies of up to 50 % [39]. APDs suffer from afterpulsing
and have significantly higher dark count rates than their superconducting counterparts. TES
require more complex cooling schemes since they usually operate in the milli-kelvin range,
while SNSPD can be operated reliably at temperatures as high as 4.2 K, which is in the
range of temperatures conventionally used for the reliable operation of quantum dots (QD)
single-photon sources. Whilst SNSPDs have no intrinsic photon-number resolution, statistical
photon-number resolution can be achieved by the use of additional elements [40] or multiple
SNSPDs in combination with beam splitters. SNSPDs (MHz) and APDs (MHz) can reach
significantly higher count rates than TESs (kHz) [41]. High efficiencies, low dark count rates
and high count rates make SNSPDs the ideal candidate for the fast and reliable operation of
a QPIC, since the characterization of optical qubits relies on statistical measurements. In
addition, SNSPDs have the best timing accuracy of all known single-photon detectors with
timing jitters as low as 3 ps [42]. All these properties make SNSPDs the ideal detector for
QPIC and they are consequently the detector of choice.
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1.4 Material Systems for the Full Monolithic Integration of
a Quantum-Photonic Circuit

Whilst SNSPDs have been demonstrated on a vast range of material systems suitable to
build up integrated photonic logical elements [36], the integration of single-photon sources
significantly limits the material choice [43]. To enable quantum computing, an integrated
photon source needs to meet several requirements. Single photons need to be generated at a
high efficiency with a high degree of indistinguishability. To allow a QPIC to operate reliably,
the single photons need to be generated on-demand. The source needs to be tunable to allow the
generation of indistinguishable single-photons out of two independent sources. Silicon-based
material systems like silicon-on-insulator (SOI), silica-on-silicon and silicon-nitride-on-silica,
profit from a well-developed technological process developed for CMOS technology which
allows the on-chip integration of a significant number of photonic elements [28—30,44]. While
silicon-based platforms benefit from a low absorption for photons in the near infrared range,
the generation of single photons in this materials is limited to spontaneous down conversion
(SPDC) sources [45] and spontaneous four wave mixing (SFWM) sources [46] [47] [48].
SPDC and SFWM sources provide single photons with a high degree of indistinguishability.
However, they require intense pump laser sources [49], hence complex filters are required for
stray light on-chip in order to avoid noise for integrated detectors. In addition, single photons
are generated probabilistic and not on-demand. Lithium niobate (LiNbO3) is a highly versatile
optical material with a strong optical non-linearity which allows the integration of high-quality
quantum-photonic elements in well-developed technological processes [5S0]. However, due to
a low refractive index, the mode diameter for optical and infrared photons in LiNbO3 is large,
which leads to a large size of photonic structures, making the integration of a high number
of photonic elements challenging. For Ti in-diffused WGs, which are typically used within
LiNbOs3, the optical mode is guided deep inside the substrate, which makes an efficient detector
integration challenging [51]. Single-photon generation in this material is well-developed for
SPDC, in addition, the integration of QDs has been demonstrated recently [52]. The most
promising materials for monolithic integration are materials that allow the direct integration
of compact two-level systems as deterministic, on-demand single-photon sources [53]. Defect
centers in diamond can be used as single-photon sources [54]. These defect centers allow
the deterministic emission of single photons with a high degree of indistinguishability for
spatially distributed defect centers [55]. However, the fabrication of diamond layers with
"optical quality", which are needed for photonic circuits, is challenging [56]. The most
advanced platforms for the integration of single-photon sources are III-V semiconductor-
based systems, uning quantum dots (QDs). Self assembled InGaAs/GaAs-QDs integrated
into GaAs allow the generation of single photons with an efficiency of up to 100 % [57]. This
allows an excitation of the QD with low pumping powers. Furthermore, InGaAs/GaAs-QDs
can be used as on-demand sources of single photons with near unity indistinguishability [58].
GaAs allows the fabrication of low loss WGs [59] and enables compact devices and circuits
due to a tight mode confinement connected to its high refractive index [60]. The large electro-
optical effect in GaAs makes the implementation of active controlled phase shifters [61]
possible. The emission can be tuned externally using temperature, E-field (Stark-effect) [62]
or strain tuning [63] which allows the emission of indistinguishable photons out of two
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remote QDs [62,64]. Single-photon emission in combination with single-mode waveguides
(WGs) and beam splitters (BS) was demonstrated using above-band [65-67] and resonant
excitation [68—70]. The integration of niobium-nitride(NbN)-based SNSPDs as single-photon
detectors on GaAs was demonstrated by various groups [33,35,71,72]. This versatility makes
GaAs the most promising candidate for a full monolithic integration of QPIC [36, 43, 60].
Approaches hybridizing two material systems have been demonstrated but require complex
fabrication techniques making a scaling of elements difficult if not impossible [73-76].

1.5 SNSPDs on GaAs

The SNSPD was first proposed by Semenov et al. [77] and demonstrated by Goltsman et
al. [78] in 2001. The detector itself consists typically of an ultra-thin superconducting film
at a thickness in the range of d = 4 to 6 nm which is structured into nanowires of a width
w < =100nm. To increase its area, the nanowire is typically structured in a meander shape.
The detection mechanism is based on local quenching of the superconductor. Whilst SNSPDs
are click/no-click detectors without intrinsic energy and photon-number resolution, they are
almost ideal detectors for photonic applications. In an optimal configuration, they can have
a detection efficiency close to unity [37], a timing resolution as high as 3 ps [42], a count
rate in the upper megahertz regime and do operate in the full optical and near to mid infrared
range. The most common superconductor for SNSPD fabrication is NbN. The high critical
temperature of NbN of up to 16 K (bulk) allows the SNSPD operation in liquid helium at
4.2K. While GaAs is a very promising substrate for the full integration of all photonic
elements necessary for an integrated photonic chip, the fabrication of high-quality NbN-
based SNSPDs is challenging. A large lattice mismatch of about 27 % [79] between GaAs
and NbN induces stress and disrupts a uniform growth of the NbN film [80] [81]. Naturally
occurring surface oxides in combination with a low temperature stability make the growth
of high-quality NbN films on GaAs challenging. At temperatures above 535 °C, which are
typically used for the deposition of high-qualitiy NbN films, arsenic and oxygen are desorbed
from the GaAs surface. This results in a growth of surface pits, causing a roughened-up
surface [82]. Interdiffussion of oxygen and arsenic into the NbN film during film growth
leads to the formation of an intermediate layer of Nb-O and Nb-As compounds [80] with
destroyed superconductivity. This normal conducting layer being in close proximity to the
superconducting layer reduces the effective thickness of the superconducting film and further
suppresses the critical temperature. This suppression of superconductivity is known as the
superconducting proximity effect [83] [84] [85]. Consequently, the fabrication of high-quality
SNSPDs on GaAs requires a careful optimization process.

1.6 Photon-Number Resolving Detectors

As previously discussed, photon number resolving (PNR) single-photon detectors are essen-
tial for quantum computing using the KLM-scheme or boson sampling. PNR detectors with
4-photon resolution are necessary for the implementation of a KLM-scheme and are conse-
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quently of special interest as detectors for complex integrated quantum-photonic circuits [86].
The important benefit of a PNR detector is the direct characterization of photon-number
states [87]. The direct measurement of a photon-number correlation can be used for quantum
enhanced metrology [88], for quantum random number generators for quantum cryptogra-
phy [88] or as receivers for quantum optical communication [89]. Light from a light source is
typically characterized by its coherent properties by a series of normalized Glauber functions
g™ [90]. The g® value at zero time delay is commonly used to identify the fidelity of a
single-photon source [91]. An n-PNR detector that is appropriately fast is able to directly
measure the photon-number correlations of a light source to the n-th order. Two 50/50 beam
splitters and a delay line in combination with two single-photon detectors with at least 2-
photon number resolution are sufficient to characterize the photon-number correlation of a
single-photon source to the third order while simultaneously determining its photon indistin-
guishability [91]. PNR-detectors allow for a reduction of the number of circuit elements in
a PIC and consequently a higher integration density. n single-photon detectors with n 50/50
beam splitters may be replaced by a single n-photon-number resolving detector in dependence
of the circuit design [91].

Whilst there are hints that the SNSPD rise time may be used to distinguish single from multi-
photon events, the detector’s rise time needs to be measured with a high accuracy, which
is challenging [92] [93]. PNR for SNSPD is reliably achieved by using multiple detector
elements, which also allows spatial resolution [94,95]. Multiple detector elements require an
individual readout and biasing line for each pixel or a complex frequency [96,97] or time-
tagged multiplexing scheme [98] which can be combined with a differential readout [99].
Where spatial resolution is not of interest, PNR SNSPDs that utilize amplitude multiplexing
are the easiest to read out and operate. Only one readout and biasing line for each detector is
needed, so they can be used within a standard SNSPD setup. Amplitude multiplexing can be
achieved by dividing the detector into different sections, by placing resistors in series of paral-
lel nanowires [81, 100] or in parallel to series nanowires [40, 101-104], resulting in an output
pulse with an amplitude related to the number of triggered elements. Parallel nanowires have
the disadvantage that the detection of one photon shifts the working point of the detector for
the simultaneous detection of another photon, which limit this type of detector to a dynamic
range of 4 to 6 photons and the efficiency to a few percent [100]. Photon-number resolving
SNSPDs based on series nanowires, on the other hand, have been shown to be able to operate
over a high dynamic range of photons [40, 104]. Furthermore, their waveguide integration has
been demonstrated for multiple pixels on one waveguide [105] and on two waveguides with
one pixel each [106].

1.7 Full Integration of a Quantum-Photonic Circuit — State
of the Art

The simplest demonstration of the successful operation of integrated single-photon sources,
WGs and single-photon detectors together on the same chip, is done by the full integration of
a Hanbury-Brown and Twiss setup (HBT) [107]. This setup consists of a 50/50 beam splitter
and two detectors and allows the demonstration of single-photon operation by a measurement
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of the two photon correlation g of the light source. For a g®®(0) < 0.5, the system is
regarded to be on the single-photon level. So far three groups demonstrated the simultaneous
integration of a single-photon source, WGs and single-photon detectors. Reithmaier at al.
were the first to demonstrate the monolithic integration of QDs, WGs and NbN SNSPDs based
on the GaAs material system in 2013 [80]. However, a multimode WG was used and strong
stray light during resonant excitation of the QD made temporal filtering necessary. While
they were able to characterize the QD lifetime on-chip, single-photon operation was only
demonstrated using spectral filtering off-chip in combination with off-chip detectors [108].
In 2016, Digeronimo et al. were also able to show the integration of QDs, WGs and NbN
SNSPDs on a single GaAs chip [35]. Again, a multi-mode WG was used, this time with a
WG-integrated spectral filter. The QDs were operated under above-band excitation and no
operation on the single-photon level was reported. The first successful demonstration of a
fully integrated platform was shown in 2016 by Khasminskaya et al. [109]. By integrating of a
carbon nanotube, a single-mode WG and NbN SNSPDs on a silicon nitride platform, they were
able to demonstrate the full on-chip-operation on a single-photon level with a g®(0) = 0.49.
However, this approach is non-monolithic, difficult to scale and the observed single-photons
stem from electrical excitation, which so far only allows single-photon generation with a
limited degree of indistinguishability. In addition, the discussed integrations lack a scalable
beam splitter and, therefore, one of the basic elements needed to build up photonic logic.

1.8 Aim of This Work

The goal of this work is the development of SNSPD for the scalable integration of all necessary
elements for a quantum-photonic chip on the GaAs platform. To allow for detector operation
at a temperature of 4.2 K, NbN is used as a detector material. The growth of high-quality
NbN films needs to be optimized on GaAs to allow the implementation of SNSPDs with
a Tc > 10K, to allow reliable operation at 4.2K at an Ic > 10uA, to provide a sufficient
signal-to-noise ratio (SNR) for detector pulses. Detectors need to be designed and tested in
a design suitable for waveguide integration with a system jitter >100 ps. The design needs
to be optimized to operate at a high intrinsic detection efficiency at a wavelength of 900 nm,
which is the emission wavelength of the integrated InGaAs/GaAs QDs. SNSPDs with photon-
number resolution need to be implemented and demonstrated. The influence and suppression
of stray light from the excitation laser for QDs used for on-chip photonic measurements needs
to be investigated. The integration of detectors with waveguides and quantum dots need to be
demonstrated. Finally, the operation of QD single-photon sources, waveguides, beam splitters
and SNSPDs together on a single chip has to be demonstrated on a single-photon level.

1.9 Outline

Chapter 2 All basic elements for a QPIC on GaAs are introduced: passive elements for pho-
tonic circuits, QD single-photon sources and SNSPDs. Their physical operation principles
are explained with a special focus on SNSPD. The SNSPDs operation is introduced, material
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and geometrical limitations are discussed. Concepts for photon-number resolving SNSPDs
utilizing amplitude multiplexing are introduced.

Chapter 3 The benefit of an AIN buffer layer for the growth of high-quality NbN films is
investigated and the influence of growth parameters for NbN and AIN on the NbN film quality
is characterized. The RF-properties of grown AIN films are investigated and used for the
implementation of an on-chip high-pass filter.

Chapter 4 The design and fabrication of double-spiral type SNSPDs for WG integration is
discussed. The benefit of an AIN buffer layer for SNSPDs on GaAs is investigated. SNSPDs
in a design suitable for WG integration are fabricated with and without buffer layer and
compared regarding their superconducting and optical properties.

Chapter 5 A SNSPD design using a variable film thickness is proposed to reduce the influence
of the current-crowding effect. The design intends to improve the detection efficiency and
to reduce the dark count rate of a SNSPD with sharp bends. SNSPDs are fabricated with
variable and uniform thickness and compared regarding their superconducting and optical
properties.

Chapter 6 PNR-SNSPDs in a series design are developed on sapphire and for WG-integration
on GaAs. The presence of photon-number levels is demonstrated for a broad range of wave-
lengths and light sources. The detector statistics is recorded for ultra-fast pulsed lasers with a
pulse rate of 76 MHz and 100 MHz and compared to the expected statistic. The responses of
a PNR-SNSPD for a Poissonian and sub-Poissonian light source are compared.

Chapter 7 The design and fabrication of the individual elements needed for a QPIC is in-
troduced. The influence of noise counts on a SNSPDs with a focus on stray-light caused
by QD excitation is investigated. The excitation and detection of QD emission using WG
integrated SNSPDs is demonstrated. A fully on-chip integrated HBT setup is introduced and
all elements are characterized individually. The full operation of the HBT setup is investigated
for pulsed resonant and cw resonant excitation.

Chapter 8 The obtained results are summarized and possible optimizations are discussed shortly.



2 Elements for Quantum-Photonic
Integrated Circuits

This chapter gives a brief introduction to basic concepts and elements necessary for quantum
logic based on quantum-photonic integrated circuits (QPIC). The Hong-Ou-Mandel (HOM)
effect and the structure of quantum gates using linear optics are described with their re-
alization using on-chip passive photonic elements. The structure and optical excitation of
QD-based single-photon sources is explained and the detection mechanism, as well as the
design restrictions for SNSPDs are presented.

2.1 Integrated Passive Photonic Elements

A full photonic logic in the framework of the scheme for linear optical quantum computing
(LOQC) presented by Knill, Laflamme and Milburn [13] (KLM-scheme) can be implemented
with two basic elements. The first element is a WG to confine photons, guide them on-chip and
implement passive phase shifts. The second element is a beam splitter to allow the interaction
between photons that constitute an optical qubit. The utilization of the HOM interference is
hereby key. The dimensions of couplers and WGs used during this thesis were simulated and
developed by U. Rengstl [110].

2.1.1 Hong-Ou-Mandel Effect

The Hong-Ou-Mandel effect (HOM) is a two-photon interference effect first described by
Hong, Ou and Mandel [25]. The effect describes the behavior of two indistinguishable
photons entering a 50:50 beam splitter (BS). Indistinguishability requires the photons to have
identical quantum states, including an identical spectral, temporal and spatial profile and
polarization. When a single photon enters an ideal 50:50 BS, it has a probability of 50 % of
being reflected and of 50 % of being transmitted. When two photons enter the beam splitter

) (2) ) 3) , (4) é)

BS ¢ BS * BS BS *

Figure 2.1: Possibilities of reflection and transmission of two photons entering a BS at two opposing sides. The side
where the beam splitter introduces a phase shift 7 is indicated by a dashed line.
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at different sides, four possibilities for the behavior of photons exist (fig. 2.1). Either the
photon from the top is reflected and the photon from below is transmitted (1); both photons
are transmitted (2); both photons are reflected (3); the photon from below is reflected and the
photon from the top is transmitted. For (1) and (4) both photons exit the BS on the same
side, for (2) and (3) both photons exit the BS on different sides. Reflections from the bottom
side of a symmetrical BS introduce a phase shift r, which corresponds to a factor of —1 for
the amplitude. For indistinguishable photons possibilities (2) and (3) have the same value but
opposite signs due to the introduced phase shift which causes destructive interference and the
probability for (2) and (3) go to zero. Consequently, indistinguishable photons must leave the
beam splitter at the same output port. In order to have the maximum visibility of the HOM, the
following conditions need to be fulfilled: there must never be more than one photon on either
input port of the BS, the two photons need to be indistinguishable and both photons need to
be in pure states. In case of a QPIC, photons emitted from the integrated photon sources must
therefore be indistinguishable and in pure states for a successful operation [16, 110, 111].

2.1.2 Basic Photonic Gates

To have an universal set of gates, T, H and CNOT gates need to be implemented in linear
optics. By using these three elementary gates, a Toffoli gate [112] can be implemented that
acts as an universal reversible logic gate for quantum computing [113]. The T and H gate
hereby act on one qubit by a change of its quantum states. The T-gate introduces a phase shift
of 7/4 between the two base states of the qubit. This can be done in optics for path entangle
qubits by increasing the length of the optical path for one of the two photon paths that builds
up the qubit. The H gate converts the two pure states of the qubit into intermixed states. In
optics this is realized by the use of a 50:50 BS between both optical paths. For a more detailed
description of the concepts behind quantum gate logic, the reader is advised to resort to more
specialized literature [114—116].

The realization of a CNOT gate is more complex. A concept for the realization of a photonic
coincidence controlled CNOT proposed by [117] is shown in fig. 2.2. The CNOT consists
of three BS with a 1:3 and two BS with a 1:2 splitting ratio. A control qubit (co, c1) is used
to toggle a NOT operation on a target qubit (f, t;). co and ¢; are the modes of the two
photons that constitute the control qubit and #y and ¢; are the modes of the photons of the
target qubit. In addition, two unoccupied ancillary modes v, and v, are necessary. The gate
causes a sign shift as the target modes are split and remixed in the interferometer formed by
the BS structure. The operation is conditional on the presence of a photon in the ¢; mode and
on a coincidence measured between the control and the target qubit. The probability of such a
coincidence is one-ninth. Eight times out of nine, either the target, the control, or both do not
contain photons [117]. The limited probability requires a post-selection of correct results and
cannot directly be used for scalable integration. However, it can be upgraded to a heralded
gate, which can be used for full integration [118]. Nevertheless, the described CNOT can be
used as a testbed and was demonstrated in free space [17] [18] and integrated on-chip using
WGs and directional BS [26] [30]. This shows that the full integration of quantum logic is
possible using single-mode WGs and BS.

10



2.1 Integrated Passive Photonic Elements

Figure 2.2: Coincidence-based photonic CNOT gate as proposed by [117]. The dashed lines at the beam splitters
indicate where a phase shift of 7 happens upon reflection. The numbers indicate the necessary splitting
ratio. ¢q and ¢ are the modes of the control qubit. 7y and #; are the modes of the target qubit. v, and v;
are unoccupied ancillary modes.

2.1.3 Waveguides

Photons in integrated circuits are generally guided by the use of WG cavities. For optical
frequencies, the WG typically consists of a dielectric core with a higher refractive index,
which is immersed in a dielectric with a lower refractive index. Both dielectric materials
must be transparent to avoid the absorption of the guided photon. Due to the difference in
refractive indices, the photon is confined and travels along the dielectric core. The strength of
the confinement is dependent on the difference in refractive indexes of the used materials; the
stronger the difference, the stronger the confinement. The optical modes that can propagate
in the WG are dependent on the frequency f of the photon, the refractive indices n of the
materials and the dimensions of the WG and can be calculated using Maxwell’s equations.
For a round WG typically used for optical fibers (fig. 2.3a), the E-field in the WG can be
calculated by solving the eigenvalue problem

VxVXE =n(r)? - k’E, 2.1)

where k = 27 f/c is the wavenumber and n(r) the refractive index profile of the WG [119].
When the cross-section of the WG is reduced, the number of modes that can fit spatially
and can propagate is also reduced. For a QPIC, the WG dimensions need to be chosen to
support only the fundamental transverse electric (TE) or transverse magnetic (TM) mode to
allow for a single-mode operation only. In a multimode WG, the excitation of multiple WG
modes would lead to undefined input states, which in turn lead to unpredictable results for
operations using the shown photonic gates. The corresponding mode profile is shown in
fig. 2.4a. For integrated WGs, rectangular geometries are easier to fabricate and, therefore,
preferred (fig. 2.3b-e). The WG is hereby fabricated using one lithography and etching step.

11
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(a) (b) (c)

(d) (e)

Figure 2.3: Overview of possible WG designs. The core (dark gray) has a higher refractive index than the cladding
(light gray) and consequently confines the photon. a) Fiber WG. b) Channel WG. c) Ridge WG. The
confinement of the photon towards the top is a result of the difference in refractive indices to the ambient
medium. d) Rib WG, consists of a ridge WG with an additional slab. e) Strip-loaded WG. Reprinted by
permission from U. Rengstl: Springer 2017 [16].

In the case of a channel WG, the etched ridge is overgrown in an additional deposition process.
Channel WGs offer a mode profile better suited for detector integration, since a significant
amount of the evanescent field is seen outside of the core on top of the WG (fig. 2.4b).
However, integrated laser excited single-photon sources are best accessible in a free-standing
WG structure. In a free standing structure, the top confinement is typically reached by the
index contrast between the WG core and the vacuum. Since the index contrast to vacuum is
higher than to a cladding dielectric, the mode propagates deeper inside the substrate. In the
GaAs material system, the index contrast of the lower cladding and the WG core is obtained
by the use of AlGaAs. The highest field density on top of a free standing WG is achieved by
the use of a ridge WG (fig. 2.4¢).

This, however, leads to an open AlGaAs cladding layer. This is problematic since AlGaAs is
sensitive to degradation by oxidation [110]. Consequently, the preferable WG configuration
is a rib WG structure with a remaining GaAs slab that protects the underlying AlGaAs layer.
Another possible WG geometry is a photonic crystal WG. The waveguide is thus made of a
continuous layer made from a single material into which holes are etched on order to lower
the effective refractive index of the "cladding". The top and bottom cladding is done by the
utilization of the index contrast to vacuum so the entire structure is basically a membrane with
holes at the side. This offers an almost perfect coupling of QD emission to the WG [57] and
removes losses in the cladding dielectric and, consequently, allows the creation of low loss
WGs [120]. However, its membrane-like geometry makes large structures very fragile and
difficult to handle [121]. This section was written with the help of [16]. Detailed investigations
of rib WGs on GaAs can be found in [110].

12
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(a) (b) ()

Figure 2.4: Profiles of the fundamental TE modes for the WG geometries shown in fig. 2.3 for a GaAs(dark
gray)/Alp.42Gag ss As(light gray) material system. The lines illustrates the E-field as |E |2 in a linear
scale. Reprinted by permission from U. Rengstl: Springer 2017 [16].
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Figure 2.5: TE mode distribution for two ridge WGs forming a BS, for a symmetric and an asymmetric mode in the
WG. Reprinted by permission from U. Rengstl: Springer 2017 [16].

2.1.4 Beam Splitter

A beam splitter can be created by the use of two on-chip WGs. A so-called directional coupler
is created by bringing the WGs so close together that the evanescent fields of the WG modes
overlap (fig. 2.5). Hereby, the mode couples between both WGs and the coupling ratio can
be controlled by the interaction length of the coupler L and the distance (gap) between the
two WGs. The propagating mode in the coupler can be described in the framework of the
super-mode theory [110] by a super-mode which consists of a symmetric and an asymmetric
mode of the propagating TE and TM mode, respectively. Since the symmetric and asymmetric
mode have a different mode profile, they each "see" a different effective refractive index and
the propagation constants of both modes vary, which leads to a beating between the two
modes and an observable energy transfer between two WGs (fig. 2.6). The length of the
coupler necessary to reach the wanted power transmission 7 from one to the other WG can be
calculated as:
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Figure 2.6: Simulated mode beating of the TE mode between the two WG arms of a 50:50 directional coupler.
Negative values of the TE mode are depicted in blue and positive values in red. Under close inspection, a
phase shift of 7r/2 introduced by the coupler is visible. The inset is a magnification of the coupler region.
Adapted by permission from U. Rengstl: Springer 2017 [16].

(L
T = sin? (E(kZSym - kzwm)) . 2.2)

kz 18 the propagation constant of the symmetric mode and k is the propagation constant
of the asymmetric mode, respectively. Both propagation constants are dependent on the
effective refractive index, which is itself dependent on the distance of both WG arms. The rest
of the power gets reflected (R) at the beam splitter and stays in the originally excited WG. The
reflection can consequently be calculated as R = 1 —T. To reach a splitting ratio of 50:50, the
length can be calculated as:

Zasym

T

— 2.3)

L3ap =

N =

1Kz = Kz

kz, and kz, . are necessary for the calculation and can be extracted out of frequency domain
simulations. A detailed description of this type of simulations along with simulation results
can be found in [110]. A potential problem of using directional couplers for high yield
fabrication is the gap width. To have an overlap of the evanescence field, the gap width
is typically in the order of 100nm. Even small changes in the width lead to a significant
change of the coupling ratio, which makes low fabrication tolerances and a tight control of
the lithography and etching steps necessary.

Zasym

An alternative to directional couplers are multi-mode interference couplers. They operate by
transforming the single-mode existing in the WG to multiple modes by a local increase of the
WGs width. The modes interfere with each other and the desired splitting ratio is obtained
by a placement of an output single-mode WGs at a position with the aspired energy density
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Figure 2.7: Multi-mode interference (MMI) BS with one input and two output WGs with a 50:50 splitting ratio. a)
Dimensions of the MMI in um. b) E-field in the MMI, several mode maximums and minimums are
visible. Reprinted (adapted) with permission from [70]. Copyright 2018 American Chemical Society.

(fig. 2.7). Due to a larger critical width, the splitting ratio of the MMI is more tolerant to
geometrical variations caused by the fabrication processes. However, fabrication derivations
cause additional losses and back reflections in the MMI body. In a direction coupler on the
other hand, losses are only determined by the attenuation of the used WGs and since the
WG widths remain stable, back reflections are avoided. Furthermore, the use of variable
phase shifters allows a correction of the splitting ratio of a directional coupler by the using
a Mach-Zehnder interferometer design [110]. Hence, directional couplers were used for full
integration during this thesis.

2.2 Semiconductor Quantum Dots

Quantum dots (QDs) are structures that tightly confine charge carriers in all three spatial
dimensions. The confinement ideally forms a zero dimensional potential trap with an ideal
two-level system that allows charge carriers to exist only in one discrete energy level. Due
to the Pauli exclusion principle, the amount of electrons at this energy level is limited to
two with opposing spins. In analogy to the energy shell of an atom this fundamental energy
level is called the s-shell. When an electron-hole pair (exciton) that is excited in such a
system recombines radiatively, a photon is emitted with an energy that corresponds to this
fundamental energy level. Furthermore, due to the single existing energy state, only one
photon is emitted at a time. In the GaAs material system, the large band-gap difference
between InAs (EG(2K) = 0.422¢V) and GaAs (Eg(2K) = 1.522¢V) is used to create the
necessary three dimensional confinement. The Stranski-Krastanov growth [122] of InAs
on a GaAs(100) initially results in a two dimensional wetting layer However, due to the
lattice-mismatch between GaAs and Ingas, the InAs continues to grow in a pyramidal, three-
dimensional shape. During the capping with GaAs, the capping layer intermixes with the QD
and a InGaAs/GaAs QD is formed [60]. The resulting QD resembles a dome shape which
leads to a parabolic carrier confinement that can be approximated by a quantum well in the
z-direction and a harmonic oscillator in the plane of the substrate (xy-plane). This generates
an only quasi-zero dimensional confinement and, in dependence on the size of the dot, higher
energy shells (p, d ...) can exist with a number of electrons corresponding to the number of
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Figure 2.8: QD band structure (not to scale) along its z-axis. Upwards arrows symbolize off-resonant (solid arrow)
and quasi resonant (p-shell) and resonant (s-shell) (dashed arrow) excitation processes. The downward
arrow symbolizes the radiative emission processes. Black arrows symbolize relaxation processes for
electrons (filled dot) and holes (open dot). The figure was drawn after [16].

shells. The n-th shell can hold up to 2 - n electrons [123]. The spatial dimensions are in the
range of the De-Broglie wavelength of the electron:

h

_—
\' 2. m:' ' Etherm

where m;, is the effective electron mass, which is material dependent, & the Planck constant
and Eperm = kpT the thermal energy of the electron where kp is the Bolzman constant and
T is the temperature. Using the InGaAs/GaAs material system, QD emission wavelengths in
the range of 850 to 1400 nm, can be achieved [60].

/lDe—Broglie = (2.4)

2.2.1 Optical Excitation of a QD

In the following section, a QD with a size that supports the fundamental s- and p-shell is
considered. The corresponding band structure is sketched along its z-axis in fig. 2.8. The
GaAs host material is colorized in gray. Since in the indium wetting layer mixes with GaAs,
the bandgap is slightly reduced (blue). The significantly decreased bandgap inside InGaAs
QD is shown in cyan. The QD can have several excited states. Electron and holes that are
generated by optical pumping can diffuse and get trapped into the QD and relax to its lowest
energetic state, the s-shell. When confined, they Coulomb interact and form a quasi-particle,
called exciton (X). This exciton can recombine radiatively by the emission of a photon. The
typical lifetime of an exciton is in the sub-nanosecond range. Recombination processes are
only allowed with electrons and holes in the same shell. Since the s-shell can hold two carriers
with opposing spins, two electron-hole pairs can exist, constituting a so-called biexciton (XX);
the total spin of the XX is zero. When a single carrier exist in the s-shell in combination
with an X, they constitute a so-called trion, with either an excess electron X~ or an excess
hole X*. XX and trion states are detuned in energy in comparison to the X state due to
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Figure 2.9: QD emission into a WG for different excitation mechanisms. The scaling for all graphs is identical, the
excitation power is different. The graph was taken from [124].

Coulomb interactions. Several excitation mechanisms can be used to create an X (fig. 2.8),
in dependence on the excitation energy. [16] Off-resonant excitation schemes use excitation
energies significantly higher than the bandgap energy of the QD and can excite carriers in
either the GaAs or the wetting layer. They relax into the QD s-shell by releasing energy
due to phonon interactions. This kind of excitation is further regarded during this thesis
as above-band excitation. Above-band excitation is easy to implement since the used pump
does not need a well-defined energy. In general, light from an above-band pump laser can
be filtered from the QD emission by the use of spectral filtering as the energy of the emitted
photon is significantly smaller than the energy of the pump photons.

Disadvantages for above-band excitation are a larger jitter for the emission connected to the
relaxation processes necessary until the X reaches the s-shell. The excitation probability of
multi-exciton states during above-band excitation is increased, which limits the coherence
of emitted photons. Both effects limit the indistinguishability of excited photons [125]. In
addition, above-band excitation does not allow the deterministic excitation of a single-QD. The
high photon energy of an above-band excitation laser in comparison to the QD energy level
also excites QDs nearby, which introduces unwanted photons into an experiment (fig. 2.9).
To reduce the number of necessary relaxation processes, the laser energy can be tuned to the
energy of the p-shell in quasi-resonant excitation, thus limiting the number of intermediate
relaxation steps to one. This excitation scheme results in a significantly improved coherence
of the emitted photons [126]. Best results, however, are obtained by a resonant excitation of
the s-shell of the QD. The photon energy of the excitation laser hereby corresponds to the
energy level of the QD. This leads to spectrally clean emission (fig. 2.9) and allows a high
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Figure 2.10: Optical gating of a resonantly excited QD after [128]. a) With the resonant excitation laser switched off,
a hole from a structural deep level (DL) in vicinity of the QD can tunnel in and out at characteristic time
constants 7i, and 7oy A filling of the DL at a rate of 1/#,g leads to a residual hole in the QD. b) The QD
is detuned and only the trion state X* can be optically exited and emit photons. The optical emission of
the X is blocked. c¢) The addition of an above-band gate laser generates electrons that recombine with
the residual hole at a time constant zo,. If 7oy < fof, the QD remains in a neutral state and emission of
photons with energies of the neutral X is visible.

degree of indistinguishability of the emitted photons [127] [16]. Furthermore, it makes the
selective excitation of a single-QD possible. For nearby, slightly off-resonant QDs either the
energy is to small to excite an X or the excess energy in comparison to the band gap is to
small to go to another process. The efficient resonant excitation is challenging and requires a
tight control of the spectrum and the polarization of the excitation laser. In addition, a gate
laser has to be used in most cases in order to gain stable resonant emission out of a QD using
coherent excitation (fig. 2.10).

A defect in close vicinity of the QD can cause a structural deep level (DL). A hole tunneling
from the DL to the QD quenches the QD resonant emission by a Coulomb blockade [129].
When the resonant laser is switched off, a hole from the DL can tunnel in and out at charac-
teristic time constants 7, and 7,,. The DL is filled at a rate of 1/f,r which leads to a residual
hole in the QD. When the QD is resonantly excited, the residual positive charge of the hole
causes a Coulomb blockade that detunes the QD and blocks the resonant excitation of the X.
Only a trion state can be excited to emit photons. In order to solve this, an optical gate laser
at an above-band gap energy with low intensity can be used to photogenerate an electron in
the surrounding GaAs substrate. This additional electron recombines with the residual hole
at a time constant #,,,,, neutralizing the QD. When t,, < fog, the QD is stabilized in its neutral
state and the wanted resonant photon emission generated by a neutral X-state is visible [128].
The necessary excitation scheme and further details into resonant excitation are discussed in
detail in [16] [124].

2.2.2 2nd-Order Correlation

Typically, the emission of a photon source is characterized by a measurement of its 2nd-order
correlation function g®(r) [90]. ¢®(r) gives the likelihood of a two-photon correlation of
a given light source. It is measured by a time correlation of detection events of two single-
photon detectors and can be done without knowledge of the detector efficiencies. A typical
g(z)(t) measurement is performed in a Hanbury-Brown and Twiss setup (HBT) [107]. The
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Figure 2.11: (a) Schematic of a Hanbury-Brown Twiss setup [107]. (b) Two-photon correlation for different photon
sources. At ¢ = 0 thermal emission shows bunching while single-photon emission shows antibunching.

setup is schematically displayed in fig. 2.11a. It consists of two single-photon detectors in
combination with a BS. The highest efficiency during the measurement is achieved by the
use of detectors with an identical detection efficiency and a 50:50 splitting ratio of the beam
splitter. For the measurement, the first detector is used as a time reference and a timing
histogram for detector counts of the second detector is recorded. The histogram is normalized
to unity for the average intensity, which leads to a histogram in a form shown in fig. 2.11b. If
one photon is emitted from a thermal light source, the probability for the emission of a further
photon rises. Hence, there is a higher probability of the second detector also registering
photons if the first detector detects a photon. As a result a peak can be seen in the histogram
This effect is called bunching and the photon emission statistics is super-Poissonian. In a laser,
the emission of photons happens independent from each other which causes its Poissonian
emission characteristic and a g®?(r) = 1 over the full time. An ideal single-photon source,
however, emits only one photon at a time and if a photon is detected by the first detector, a
photon can never be detected on the second detector at the same time and correspondingly
a dip to zero can be seen, g®(0) = 0. Its characteristic is correspondingly sub-Poissonian.
For a real single-photon source, some degree of multi-photon emission is always present.
Consequently, the g®(0)-value is used as a quality parameter to describe how close the
measured single-photon source resembles an ideal single-photon source (g®(0) = 0) [111].
If anti-bunching is present and the g®(0) < 0.5, the investigated source is regarded to be
a single-photon source. A fully on-chip HBT setup is used in this thesis as a test bench to
demonstrate all elements required for QPIC on a single-chip, since it consists of all basic
elements required for LOQC and to allow the characterization of single-photon operation.
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Figure 2.12: Scanning electron microscopy (SEM) image of a meander SNSPD, the superconductor is seen in black.
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Figure 2.13: Schematics of the SNSPD response mechanism to the absorption of a photon. a) Initial state: T << T¢,
I << Ic;b)Photon absorption in the nanowire; ¢) The formed resistive barrier causes a voltage potential
along the nanowire.

2.3 Superconducting Nanowire Single-Photon Detector
(SNSPD)

A typical SNSPD consists of an ultra-thin superconducting nanowire with a thickness d =
4 to 6nm and a width w < 100 nm. To increase the detection area, the nanowire is typically
folded in a meander shape (fig. 2.12). The detection of photons in a SNSPD is based on
the quenching mechanism for superconductors. Superconductivity in a superconductor can
only exist if three critical conditions are fulfilled: the temperature 7', current / and magnetic
field H must be below the materials critical temperature 7¢, critical current Ic and critical
magnetic field Hc. Once these conditions are fulfilled, electrons bound together in pairs,
so-called Cooper pairs, that can move through the phonon lattice without resistance. For
detector operation (fig. 2.13), the nanowire must be cooled to temperatures well below its
critical temperature 7 << Tc. A bias current Iy close to the critical current Ic is applied (a),
the nanowire is superconducting and no initial voltage can be measured along the wire. When
a photon with sufficient energy is absorbed in the nanowire (b), the nanowire quenches locally,
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gets normal conducting (c) and a normal conducting zone grows due to joule heating. Since
the quenched zone is normal conducting and a current is applied, a voltage can be measured
along the wire. As the detector has a high resistance in the quenched state, the current is
redistributed over an external shunt and the nanowire can recover to its initial state, ready to
detect another photon [130]. Fast quenching and recovering times cause detection events to
be visible as a voltage pulses with a pulse length in the order of nanoseconds. The count rate
is limited by the dead time, which is defined as the time the detector needs to recover after a
detection event.

2.3.1 Detection Efficiency

The probability of detecting a photon for a SNSPD integrated into an optical setup is given
by the system detection efficiency (SDE):

SDE = OCE - ABS - IDE. 2.5)

OCE is the optical coupling efficiency, which is the probability of the photon reaching the
detector through a given optical path; ABS is the probability of a photon to be absorbed by
the SNSPD after reaching the detector; IDE is the intrinsic detection efficiency, which gives
the probability of a photon that is absorbed in the detector to trigger a voltage pulse. Since
the OCE is a parameter that describes the full optical system, the detection efficiency (DE) of
the detector is defined as:

DE = ABS - IDE. (2.6)

Experimentally, the DE is characterized as:

N, counts — N, darkcounts

DE = : 2.7)
N, photons

where Nounts i the amount of detector counts and Ngarkcounts the amount of detector dark
counts. Nppotons is the number of photons on the active area of the detector. For a waveguide
SNSPD (WG SNSPD) illuminated through the WG, Nphotons is the amount of photons in the
WG at the position of the detector.

The ABS can be derived from the Beer-Lambert law as:

ABS = 1 — ¢ 5. 2.8)
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Figure 2.15: a) Simplified wavelength dependence of SNSPD detection regimes. The cutoff wavelength Ac is
sketched. b) Simplified bias current dependence of SNSPD detection regimes.

k is the attenuation coefficient, which is the complex part of the effective refractive index
(mode index), [ is the absorption length and A the wavelength. The [ of a SNSPD optically
excited from the top is limited to the thickness of the film (fig. 2.14b). Hence, the ABS for
a ~5nm thick NbN SNSPD is limited to 30 % [131]. For a WG integrated SNSPD, [ is
dependent on the length of the SNSPD on the WG. Typically, an / of several micrometers
can be realized (fig. 2.14b). The ABS can therefore be pushed towards unity for a sufficient
detector length on an ideal WG with zero internal absorption. While the effective xk on a WG
is almost three orders of magnitude smaller than the « of the detector itself [132], the effect is
outweigh by an [ that is easily four orders of magnitudes longer. A high ABS with small / can
be obtained by the use of an optical cavity around the detector [37], which causes a photon to
hit the SNSPD several times until it is either absorbed or lost from the cavity.

The IDE is strongly dependent on the detection regime of the SNSPD. Depending on the
photon energy, the SNSPD operates in one of two detection regimes (fig. 2.15). The first
regime is the deterministic regime: the absorbed photon has sufficient energy to trigger a
detection event by itself and triggers a detection event deterministically. Since each photon
triggers a detection event, the IDE in this regime is close to unity. The second regime is the
probabilistic regime: the absorbed photon lacks sufficient energy to trigger a detection event
and must be assisted by a vortex. Since the probability of a photon to trigger a detection
event is dependent on the presence of a vortex, the IDE is proportional to the probability of a
vortex to enter the nanowire. The detection regime in dependence on the wavelength of the
photon is sketched in fig. 2.15a. The A where the detection switches from the deterministic
to the probabilistic regime is defined as the cutoff wavelength Ac. Since the roll-off that is
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experimentally seen is slow and there is usually no sharp transition between the detection
regimes, Ac is experimentally determined as the A where the DE drops to 50 % of the DE in
the deterministic detection region.

2.3.2 Detection Mechanism

The dependence of the cutoff wavelength on the detector parameters and on external pa-
rameters can be qualitatively described in the framework of the diffusion-based hot spot
model [133]. In this model, the number of current carrying Cooper pairs is considered in
a section of the wire at a length corresponding to the Ginzburg-Landau coherence length
&gL. The absorbed photon excites an electron to an energy level significantly larger than the
superconducting gap A in the nanowire. The electron thermalizes in a cascading process due
to electron-electron and electron-phonon interactions under generation of a large number of
quasiparticles (QPs) in a thermalization time 7,;,. The redistribution of energy caused by the
QP multiplication process breaks up Cooper pairs. Since the supercurrent remains constant
but is carried by a lower number of Cooper pairs, the remaining Cooper pairs have to speed
up. If enough Cooper pairs are broken, the remaining pairs exceed a critical velocity, they
break up and a normal conducing zone occurs in the nanowire [134]. The minimum energy
E,in and ,correspondingly the longest Ac to deterministically detect single photons can be
described in dependence of the applied bias current /¢ as:

he IB
Eoo=2¢_ (1B, 2.9
min /IC Y ( Idep) ( )

The depairing current Igep is the current necessary to split all Cooper pairs, £ is the Planck con-
stant and c the speed of light in vacuum. vy is a device- and material-dependent proportionality
factor and can be expressed as [133]:

NoA2wd
7=(—° Y )«/an, (2.10)
S

where N is the electron density of states, D is the electron diffusion coefficient and ¢ is the ef-
ficiency of the QP multiplication process. One can see that within this model, the ratio I /lep
is key to a reach a detector that is sensitive towards long Ac. This model is in good agreement
with several experimental observations: A linear dependence of the cutoff wavelength on the
thickness d and width w is observed [135, 136]. It also gives a reasonable description of the
observed dependence on the material-dependent parameters Ny, D and A [137]. When taking
into account the temperature dependence of A and D, the temperature dependence described
in the model is qualitatively correct for 7'/T¢ < 0.5 [138]. However, it predicts a shift of A¢ to
lower photon energies for 7 /T¢ > 0.5 which is not experimentally observed. For an operation
temperature of the 7 — T, the photon energy dissipates before a normal conducting zone
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can be created, which is causes the A¢ to decrease for operation temperatures close to 7c. As
a consequence, the operation temperature of a SNSPD should be lower than half of its critical
temperature 7 < 0.57¢ [139].

The diffusion-based hot spot model can only describe the detection of photons in the determin-
istic detection regime. In the probabilistic regime, the exponential energy dependence of the
IDE hints to a photon detection that is occasionally assisted by thermal or quantum mechanical
fluctuations. A natural candidate for these fluctuations are magnetic vortexes that assist the
local destruction of superconductivity after the absorption of a photon. Two mechanisms for
vortex entry are generally considered: The first mechanism is a photon-triggered unbinding
of a vortex-antivortex pair in the nanowire and the second mechanism is vortex entry into the
nanowire from the side, which is made possible by a lowered potential barrier (vortex entry
barrier) due to photon absorption. Once inside the nanowire, the Lorentz force caused by the
applied bias current acts on the vortex and causes the vortex to cross the nanowire. During the
vortex movement, energy is dissipated and a detection event is triggered. The potential barrier
for vortex-antivortex unbinding is significantly higher than for a single-vortex crossing [140].
An exponential dependence of the vortex entry probability on the height of the vortex entry
barrier [141] explains the observed exponential dependence in the probabilistic regime. An
overview of different detection mechanisms of SNSPD and a comparison with experimental
observations can be found in [134]. A recent comparison of the diffusion-based vortex-entry
model and the normal-core vortex model is given in [139].

2.3.3 Dark Counts

Dark counts in a SNSPD are all counts that are triggered without the presence of single photons.
Dark counts caused by electronic noise can be omitted by the use of low noise electronics
and proper shielding. Intrinsic dark counts are understood to be caused by single-vortices
crossing the nanowire [142]. As for the vortex assisted detection of single photons, thermally
activated vortices with sufficient energies may overcome the vortex entry barrier without the
presence of a photon. Once inside the nanowire, the Lorentz force, caused by the applied bias
current, acts on the vortex causing the vortex to cross the nanowire. The movement of the
vortex dissipates energy in the wire and a detection event is triggered. Since these vortices are
thermally activated, the corresponding intrinsic dark count rate is exponentially dependent on
the barrier height [140]. Since the height of the barrier is proportional to the energy gap in the
nanowire, intrinsic dark counts have an exponential dependence on the applied bias current.
Structural defects in the nanowire can lower the vortex entry barrier and increase the observed
number of dark counts. This leads to an increased number of dark counts in detectors with
sharp turns due to current crowding [143] [144]. Intrinsic dark counts can be decreased
significantly by an improved thermal coupling [145] or a lower operation temperature [146]
of the detector. For an application, the quoted dark count rate (DCR) often includes all counts
not triggered by the investigated photon source. Besides intrinsic dark counts and electronic
noise, this also includes photon counts from the thermal background and from stray light.
Within the framework of this thesis, the DCR includes intrinsic dark counts, electronic noise
and thermal counts, while stray light is mentioned separately. When stray light is included the
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Figure 2.16: Detector response time (latency) and timing jitter.

term noise counts is chosen. A detailed investigation of noise counts for a QPIC using laser
excited QD photon sources can be found in section 7.3 of this thesis.

2.3.4 Timing Characteristics

For the timing characteristics of the detector, two parameters are of interest: the dead time
of the detector and the timing jitter. The dead time is the time that has to elapse after a
detection event until the detector has recovered and is ready to detect another photon. It
defines the maximal count rate of the detector. The dead time is dependent on a time constant
7 caused by the kinetic inductance Lg;, and the external shunt resistor Rp of the nanowire
T = Lgin/Rp [147] and the thermal relaxation time. The thermal relaxation time is typically
in the order of tens to hundreds of picoseconds and is significantly smaller than 7, which is
typically in the order of nanoseconds [148]. Lg;, is mainly determined by the length of the
nanowire and the used material. If 7 is too small, the nanowire cannot fully recover, which
for a standard SNSPD design causes the detector to stay in a stable resistive domain and the
detector latches [149]. To avoid latching in very short nanowires, additional on-chip inductors
can be added which slows down the return of the bias current.

The timing jitter describes the timing uncertainty of the response time (latency) of a SNSPD
for the detection of a photon (fig. 2.16). It gives the time resolution of the detector. The
intrinsic timing jitter is dependent on the geometry and detector material. The underlying
physical mechanisms are not fully understood and are the focus of many researchers in the
recent years [150—153]. For an optimized differential readout scheme in combination with
very short nanowires, jitter values as low as 3 ps have been demonstrated. In an application,
the used RF-readout heavily influences the measured jitter. In this thesis, the measured jitter
values are given as system jitter values, which gives the full instrumental response function
(IRF) of the full setup including the optical excitation and readout. In a QPIC, the visibility
of photon correlations is better for a lower jitter.

25



2 Elements for Quantum-Photonic Integrated Circuits

2.3.5 SNSPD Material

The performance of a SNSPD is dependent on the used superconductor. Materials for SNSPDs
with a good ability to detect single-photons are extremely dirty superconductors with small
electron-diffusion coefficients (Dypn ~ 0.5 cm? /s) and low critical temperatures. A small D
does not allow the fast diffusion of electrons and causes a strong local suppression of A. Most
of the photon energy needs to be distributed in the electron system, hence the heat capacity of
the electron system for the material should be large in comparison to the heat capacity of the
phonon system. A low 7¢ material has a small A and needs a lower energy to be quenched. The
operation temperature for the detector to work efficiently should be < 0.57¢. At temperatures
close to T¢, the retrapping current /, is close to Ic which causes the hotspot to shrink and no
normal conducting region can form across the wire [139]. Typical materials used for SNSPDs
are nitrides (NbN, TaN, NbTiN) and silicides (WSi, MoSi) [154]. Nitrides are crystalline
materials that offer a higher critical temperature, a lower timing jitter and faster recovery
times, while silicides are amorphous materials with a higher sensitivity for lower photon
energies. NbN-based SNSPDs typically have a Tc ~ 10 + 2 K, which enables operation using
cooling in liquid helium at 4.2 K. As a crystalline material, the growth properties of NbN
have a strongly influenced by the substrate material and the growth conditions and careful
optimization of the growth process is required (chapter 3). WSi-SNSPDs have a Tc = 4 K and,
consequently, require operation temperatures of <2 K to be efficient, which requires a complex
and expensive cryostat. The amorphous film structure allows an easier fabrication of uniform
films with a higher tolerance on the used substrate and growth conditions [155]. The lower
efficiency but better timing characteristic of the NbN film can be explained by the shorter
hotspot lifetime in the range of 22 + 1 ps [156] and a smaller size of the hotspot in comparison
to 630 ps in WSi [155]. In the scope of this thesis, NbN was chosen as detector material
because of its better timing characteristics and higher 7¢ that allows detector operation at 4 K.

2.3.6 Geometry

The geometry of the detector is an important design parameter. An adaptation of the geometry
allows the design of application-specific SNSPDs by the optimization of particular parameters.
To get a large /g /I4cp, the nanowire needs to have an uniform Ic over its full length. Hence, a
variation in Ic limits the maximal usable /g to the smallest local Ic. This requires the nanowire
to be as uniform as possible. The cross-section of the nanowire gives the volume in which
the superconductivity has to be suppressed for a successful detection event. A smaller cross-
section increases Ac. The width (w) is limited by the needed pulse height and the influence
of fabrication defects. To have a high enough SNSPD pulse and thus to get a good noise
separation, the I¢ of the full detector should be >10 pA. The edge roughness of the nanowire
after fabrication is typically in the range of 5 nm. A smaller w causes a larger relative variation
of the local current density and the nanowire gets less uniform. The influence of edge defects
get more significant which increases dark counts. Typically, a w used for NbN SNSPDs is
~100 nm. The nanowire thickness d can be fabricated to be significantly more uniform, which
makes small thicknesses in the range of 4 to 6 nm feasible. Smaller thicknesses decrease the
Tc and decrease the absorption. At larger thicknesses, a strong decrease of Ac is observed.
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Figure 2.17: Simulated current density distribution in a typical bend of a meander SNSPD. The image was taken
from [134].

Hence, 4 to 6 nm are the optimal thickness [135]. The length of the nanowire is chosen long
(several hundred micrometer) if a large absorption area is needed and short (tens of micro
meter) if a low dead time or a small timing jitter is required. To obtain a high ABS on a defined
area, the nanowire is typically designed in a meander or more recently in a spiral shape [157].
Meander designs can be utilized if linear polarization sensitivity is required [135], while
spiral designs are insensitive to linear polarization. Since spirals have either a turning point
in the middle in the case of a double-spiral design [157] or a contact point in a single-spiral
design [158], spiral designs suffer from an insensitve region in their middle. Strong bends in
superconducting wires cause the presence of a high current density region on the inside of
the bend [159]. This leads to a lower /c in the bend and consequently lowers I /lgp and,
therefore, decreases Ac. This effect is called the current-crowding effect [143].

2.3.7 Current-Crowding Effect

The current-crowding effect in superconducting strip conductors was first described in 1963
by Hagedorn and Hall [159], who observed that "localized high current density regions near
a right-angle bend can reduce substantially the critical supercurrent of such strip conductor”.
The effect was theoretically investigated for different planar geometries of bends by Clem and
Berggren [143]. In asymmetric superconducting structures with a thickness d in the range of
or smaller than the superconducting Ginzburg-Landau coherence length &gp and a width w
significantly smaller than the pearl length A, which is the case for superconducting nanowires,
the measured critical current Ic is suppressed in respect to the depairing current Igep. The
suppression is stronger for sharper angles and smaller bend radii [157] [160]. The simulated
current density contribution for a typical bend with a wire width w = 100 nm and a bend radius
r of 75 nm is shown in fig. 2.17 [134]. The high current density in the inner bend reduces the
energy barrier for vortex entry into the nanowire [142] and, consequently, the dark count rate
of the detector [146]. The influence of the bend geometry on dark counts was shown in [144].
In accordance with the diffusion hotspot model [133], the cutoff wavelength Ac for which
photons can be detected deterministically is directly related to the ratio Ig/lgep. Since the
critical current of the detector is limited by its bends, the degree to which the superconducting
energy gap can be suppressed in the nanowire is decreased. This directly reduces the maximal
cutoff wavelength of the detector. To avoid current crowding, bends need to be designed with
an optimal curvature. Since this requires larger bend radii, the filling factor is reduced to 1/3
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Figure 2.18: Different designs for a waveguide SNSPD. The dimensions in the graphics are not to scale.

for a meander detector with bends with an optimal curvature [143]. Another possibility to
reduce current crowding is to use a spiral design in either double spiral [161] or single spiral
configuration [158]. By using a single-spiral design instead of a meander design the Ic to
Igep ratio was increased from 0.40 to 0.55, with an increase of the corresponding Ac from
~600 nm to 900 nm [158].

2.3.8 Waveguide SNSPDs

The design of a SNSPD for quantum-photonic integrated circuits presents several challenges: it
should enable a high DE for the used single-photon source (in this thesis for 4 = 900 nm). The
integration of the detector into a single-mode WG, with a width of ~600 nm(for GaAs [110]),
needs to be possible. To reach a high DE, the design should avoid current crowding. Several
designs to embed a detector onto a small waveguide can be utilized. The layout used by
most groups for waveguide detectors is an U-shaped design [162] [163] [35]. The design
is schematically shown in fig. 2.18a. This design is simple and can be used without any
modifications to the waveguide on-chip. The optical coupling of photons from the waveguide
to the detector can be enhanced by increasing the length of the detector on the WG [162].
The disadvantage of this design is its 180° turn which limits the DE of the detector due to
current crowing. In this configuration, the absorption for the WG-TE mode, which is the mode
typically excited by an integrated self aligned QD [67], is significantly lower than for the TM
mode [36]. Other designs rely on a modification of the waveguide-based photonic structure.
The nanowire can be placed onto one arm of a directional coupler (fig. 2.18b) in a loop-type
structure. In this design, sharp bends can be avoided and the coupler can be designed to have
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Figure 2.19: Photon statistics for a thermal (Bose-Einstein) and a laser (Poissonian) photon source for an average
photon number p = 10. An ideal single-photon source will only have a photon number of one.

a defined coupling ratio, allowing this design to be used to monitor the single-photon flux in
a WG at a defined loss. However, the coupling ratio is wavelength-specific and even small
fabrication errors will shift the coupling ratio away from the design ratio. A third possible
design is the embedding of the SNSPD into a phonic resonant cavity (fig. 2.18c) [164].
This allows the use of a short straight nanowire whilst retaining a high DE (=30 % [165]).
Short SNSPDs have short recovery times (=500 ps) and may be able to reach count rates of
~2 GHz [165] and low timing jitters [42]. The high DE is achieved by the placement of the
cavity around the nanowire. This cavity can be made by the creation of a Bragg reflector by
making local modification to the refractive index of the WG by introducing holes [166] or
a grating [167] into the WG. The cavity has to be designed for a specific wavelength which
increases the fabrication complexity since low fabrication tolerances are required to obtain
the highest DE at the wavelength of photon source. Another possibility is the use of a tapered
WG design (fig. 2.18d). This design provides a lot of room for the detector and leaves a
lot of freedom to the nanowire design. It allows the integration of complex detector designs
as needed for a photon-number resolving detector. The fabrication of a taper can be done
straight forward and allows for larger tolerances in the detector placement during fabrication.
It enables the integration of detectors with an optimized design to reduce current crowding.
Hence, a tapered WG design was chosen, for this thesis that tapers the WG from a width of
600 nm to a width of 10 um.

2.3.9 Photon-Number Resolution

Photon-number resolution of a detector is the ability to encode the detection of several
photons at once in its output signal. This allows the characterization of the emission statistics
of a light source by directly measuring their photon-number (PN) statistic (fig. 2.19). This
makes photon-number resolving (PNR) detectors useful for a variety of applications in the
field of quantum-photonic information technologies and key for LOQC in the KLM-scheme.
A SNSPD is generally regarded as a detector that can only count one photon at a time
due to its detection mechanism. The growth of the resistive region is facilitated by Joule
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heating due to the applied bias current. Hence, the pulse amplitude is proportional to the
applied bias current and no information can be gained on the energy or number of photons
that took part in the detection event. During a detection event, the current is diverted out
of the SNSPD, and the nanowire is not biased sufficiently and no further photon can be
detected until the SNSPD recovers. PNR resolving can be achieved by the use of multiple
SNSPDs [94]. Whilst each detector is still only able to detect one single photon at a time,
additional spatially distributed photons can be detected by the other detectors. n-SNSPDs
hereby enable n-photon number resolution and, in addition, also spatial resolution. However,
for each individual detector a biasing and readout line is required, which significantly increases
the complexity of operation and introduces a high thermal load into the cryostat. This can
be solved by the use of multiplexing of several detector elements, further regarded as pixels.
Time tagged and frequency division multiplexing can be realized using a single RF line. In
a time tagged-multiplexing scheme [98] several SNSPDs are connected in series with long
delay lines (several hundred micro-meters to milli-meters) between the individual pixels. In
dependence on the triggered pixel, the path length the pulses have to travel to be read out
differs. The triggered pixel is identified by the timing of the SNSPD pulse relative to either
the pulse of a pulsed light source used [98] or in a differential readout by its complementary
pulse [99]. When a SNSPD triggers, a positive pulse travels to the side of the detector with
a positive voltage potential and a negative pulse travels to the side with a negative voltage
potential. When using a differential readout, both sides of the detector are observed and
the inter-arrival times of the pulses can be measured. Using the differential readout method
in combination with delay lines it was found that the photon-number of the detection event
can be extracted out of the pulse shape. However, the interpretation of the pulse shape is
difficult and had to be done by hand [99]. In addition, it gets increasingly challenging for
large photon numbers. A further drawback is that all pixels are biased in series and one
single defective pixel causes the full system to be inoperable. This can be solved by the use
of frequency division multiplexing. An embedding of nanowires into resonant circuits (RF-
SNSPD), coupled to a transmission line, allows a RF-biasing and readout of multiple pixel
using a single RF line [96] [97]. However, RF-SNSPDs require large resonator structures and
are sensitive to RF-crosstalk, which prevents the close placement of two RF-SNSPDs next to
each other. In addition, this size requirement prevents the placement of several pixel onto a
single WG which prevents the use of such type of SNSPD for photon-number resolution on
a QPIC.

While photon-number resolution is required for LOQC, spatial resolution is not necessary.
Photon-number resolution without spatial resolution can be obtained by the use of amplitude
multiplexing. The amplitude multiplexing can be realized by deterministically adding resistors
to the nanowire elements (fig. 2.20). Two different concepts can be realized, each of which
requires only a single bias and a single readout line for PNR operation and can consequently
be used in a standard SNSPD setup without modifications. The first proposed design for
amplitude multiplexing using resistors utilizes a parallel design of nanowires and is hence
referred to as parallel PNR-SNSPD [100]. A pixel consist of a nanowire section with a
series resistors Rg. To obtain PNR, several of these pixels are placed in parallel to each
other (fig. 2.20b). The second proposed concept [101] divides a single-nanowire into several
sections by a shunting of each section with a parallel resistor Rp. Each pixel consists of a
nanowire shunted with a parallel resistor. The pixels are placed in series to each other, hence,
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Figure 2.20: a) Electrical representation of a conventional SNSPD with connected bias. The L and C build up the
bias tee. The nanowire is colorized blue. b) Electrical representation of a parallel PNR-SNSPD using a
series resistor for each detector pixel. c) Electrical representation of a series PNR-SNSPD using parallel
resistors for each detector pixel.

this detector type is further regarded as series PNR-SNSPD (fig. 2.20c). In the following
section, the operation principle for both types is explained.

For the operation of the parallel PNR-SNSPD, all pixels are biased simultaneously. Ideally
the operation of the parallel photon-number-resolving SNSPD is as follows: As the nanowires
are superconducting and all Rs have the same value, N * Iy is distributed homogeneously
over all pixels and all N-pixels are biased with a bias current Iz. Once a photon triggers
a detection event in one pixel, the pixel gets normal conducting and has a resistance in the
range of kiloohm and the current gets redistributed. Since the readout is connected through a
capacitor acting as a high pass and the Ly;, of the nanowire and Rg of the remaining pixels
act as a low pass, the current gets distributed to the readout and is transformed into a voltage
pulse by the impedance of the readout Z (typically 50Q): V5 o Ig - Z. The triggered
pixel is insensitive until it fully recovers. When two photons trigger detection events in two
different pixels at the same time, the current out of both pixels gets redistributed and the
current distributed to the readout is twice as high. For n-triggered pixels, the pulse voltage
gets Vpuise & n - Ig - Z. The height of the output pulse is proportional to the number of
absorbed photons. In reality however, a portion of the redistributed current gets distributed
to the remaining superconducting pixels. This leakage current Il(,:’) increases with the number
of triggered pixels n. The bias current in each remaining pixel is increased by Il(,':) which
causes an increase of the dark count rate and detection efficiency of the remaining pixels if the
SNSPD operates in the probabilistic detection regime. In addition, the maximal number of

photons that can be detected is limited by /g + I I(Z) < Ic. Hence, II(Z) significantly influences
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Figure 2.21: Illustration of the current flow for the detection of photons in a series PNR-SNSPD.

the performance of the detector. II(Z) can be reduced by decreasing Z and increasing Rg,
Lyin and N. A reduction of Z decreases the pulse amplitudes and increases the difficulty to
distinguish between amplitude levels. The possible increase of Ry is limited, since it increases
the latching probability for the detector [168]. In addition, the nanowires of the individual
pixels need to be long enough, to have a sufficient Ly;, to avoid latching and consequently
operate for stable operation. In practices the Rg is limited to ~100Q. The problem of the
current redistribution limits the PNR capability of the parallel PNR-SNSPD to a resolution
of 4 to 6 photons and the efficiency to a few percent, because the bias level has to be chosen
appropriately low [100] [40]. The design is robust to a single pixel defect: if the nanowire in
one pixel is discontinuous or has a low Ic, the remaining pixels can still be sufficiently biased.

For a series PNR-SNSPD, since all pixels are biased in series, the current out of triggered
pixels is not redistributed to the other pixels but over its corresponding shunt resistor instead.
The photon detection process for a series PNR-SNSPD is illustrated in fig. 2.21. The nanowire
is biased as for a standard SNSPD. Initially the detector is superconducting and the /g flows
through the full nanowire (fig. 2.21a). When a photon triggers a detection event, the resistance
of the corresponding pixel is in the range of kQ. The typical design value of the used shunt
resistors is significantly smaller (20 to 100 Q) and the current gets pushed into Rp (fig. 2.21b).
This results in an output voltage pulse: V,,5e I - Rp. The triggered pixel is insensitive
until it fully recovers. The redistribution of the bias current into Rp maintains the current
flow and all other pixel remain sensitive to incoming photons. When then a second photon
triggers a detection event in another pixel (fig. 2.21c¢), the bias current is diverted into the
corresponding Rp and the height of the output pulse is increased by o« Iy - Rp. The output
voltage is proportional to the number 7 of triggered pixels: V,uis¢ & n - Ig - Rp. In the series
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PNR-SNSPD similar to the mechanism in a parallel PNR-SNSPD, a small portion of I is
distributed to the readout line which can be prevented by the use of a small Ry < Z. This
redistribution slightly decreases the bias level and, therefore, the DE of remaining pixels.
However, this effect is significantly weaker than the current redistribution in the parallel PNR-
SNSPD [40]. Due to the small shunt resistor, this detector is self-resetting and intrinsically
free from latching. The smaller Rp and the smaller Ly;,, the faster occurs the redistribution
of the current to the shunt resistor and the dead time of the pixel is decreased. However,
once the Ly;, gets to small, the current starts to oscillate between the nanowire and the shunt
resistor, which causes oscillating pulses on the readout line. This effect is known as relaxation
oscillations. Due to the self resetting, once Iz > Ic relaxation oscillations are observed in the
readout line until the nanowire stays normal conducting at an /g >> Ic. Due to this effect,
whilst the design is robust if the nanowire in one pixel is discontinuous since the current flow
is redistributed through the resistor, once a pixel has a suppressed Ic due to a defect, it causes a
number of oscillating pulses and a high amount of noise pulses are observed in the readout. The
maximal amount of pixels that can reasonably be implemented using amplitude multiplexing
in a series PNR-SNSPD is limited by the number of voltage steps that can be resolved in the
readout. This is limited by the dynamic range of the used readout, the noise of the setup and
the amplitude jitter of the detector pulse after amplification. So far, PNR-SNSPD with up
to 24-pixel have been demonstrated using a series PNR-SNSPD design [169]. By the use of
resistors with specific values for each pixel, a spatial resolution can be implemented [106].
However, this significantly limits the amount of pixels that are feasible: for a number of N
pixels Zi’\i 1 2i-1 amplitude levels are needed to encode the spatial information.

For all PNR approaches using SNSPD, the fidelity to record an n-photon event in a single
shot measurement is limited by two factors: the probability of photons to hit individual pixels
and the detection efficiency of the detector. To record the PN of a multi-photon event, in a
single shot measurement with a high fidelity, the number of pixels N needs to be large in
comparison to the number of incoming photons 7. In addition, the detection efficiency needs
to be close to unity, since the probability of detecting a n-photon event is DE" if all photons
hit different pixels. A high accuracy to determine the correct PN of a photon source without
a perfect detector can be achieved in a statistical measurement with a sufficient amount of
measurements. Taking the intrinsic statistics of the detector into account, the photon statistics
of the source can be extracted. The theoretically expected characteristic for a laser photon
source, the photon statistics and the detector statistics need to be considered. The lasers have
a well-known Poissonian statistics fig. 2.19. The probability of a laser with a mean number
of photons per pulse u to emit n photons is given by:

n

Pu(n) = Z—!n"‘. (2.11)

To calculate the probability of a photon triggering a pulse in the detector, several probabilities
need to be considered. The probability of correctly detecting n photons out of a pulse that
are equally split between N detector elements with an identical detection efficiency 7 of all
elements is [94]:
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What is more, a pixel may miss to detect one photon but may detect a second photon or a third
photon. By considering the photon correlation in combination with eq. (2.12), the probability
P,’lv (n|w) of detecting n photons from an optical pulse with a Poissonian statistics using a
N-element detector is described by [170] [94]:

e8]

N!  (qu)me™
N _
Py (nl) = Z n!(N - n)! m

m=n

n - (2.13)
St iy
o =)t N

For eq. (2.13) to be valid, the detection efficiency of all pixels needs to be identical.
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Films on GaAs

To enable efficient SNSPD operation at 4.2 K, the growth of high-quality NbN films on GaAs
has been studied. Since the uniform NbN film growth directly on GaAs is challenging [81]
[80], an aluminum nitride (AIN) buffer layer is proposed in this chapter as an intermediate layer
between GaAs and NbN(fig. 3.1). AIN acts as an efficient diffusion barrier for oxygen ions
[171] and potentially also of arsenic, effectively preventing diffusion of substrate components
into the superconducting film. Depending on the growth conditions, AIN will grow in a
wurzite or a zinc-blende lattice. Grown in a (002) wurzite lattice, the lattice mismatch to NbN
is only 8 %. Grown in (100) zinc-blende there is almost no lattice mismatch to NbN [172].
AIN is a high band gap semiconductor (bandgap energy ~6eV) and is transparent in the full
optical range. Consequently, it can be placed between the SNSPD and a waveguide without
blocking photons from reaching the detector. With 380 W/mK [173] AIN has a larger thermal
conductivity than GaAs (160 W/mK) [174] at cryogenic temperatures of 4 K. This could be
beneficial for superconducting detectors due to a faster energy transfer to the substrate and,
consequently, a shorter relaxation time. The improvement of the film quality of NbN and
NbTiN films using an AIN buffer layer has already been demonstrated for SiO, and soda lime
glass substrates [175] but had not yet been demonstrated for GaAs. In addition, to the use
as a buffer layer, AIN itself is a very promising candidate for the realization of an integrated
photonic chip. It has a significant optical second-order non linearity which makes it suitable as
a future material system for photonic integrated circuits with directly integrated single-photon
sources [176]. Integrated photonics on AIN have been recently implemented [177] [34].

In this chapter, different parameters for the fabrication of NbN thin films with AIN buffer layers
are investigated and evaluated by characterization of electrical and superconducting properties
of the thin NbN films. In the first part, the film growth and the reactive sputter process for
NbN and AIN is explained along with film characterization and parameter definitions. In
the second part, the NbN quality is investigated in dependence of the used NbN and AIN
sputter parameters. In the third part, the dielectric properties of sputtered AIN films are

AIN
oxide oxide

Figure 3.1: Layer structure of NbN on GaAs with and without AIN buffer layer.
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investigated using on-chip resonators and the extracted parameters are verified by the on-chip
integration of a high-pass filter. Results presented in this chapter are published in part in IEEE
Transaction on Applied Superconductivity under the title: "AIN-buffered Superconducting
Nanowire Single-Photon Detector on GaAs" [SIS17]. The presented results were achieved
with the support of H. Bender [Ben15], S. Barjami [Bar17] and D. Morixbauer [Mor16].

3.1 DC Reactive Magnetron Sputtering

The NbN as well as the AIN films are deposited using DC reactive magnetron sputtering.
Sputtering is a deposition process performed in a vacuum chamber. A low chamber base
pressure, typically below 1 x 107 mbar, ensures a high purity of the deposited materials. In
the chamber, two electrodes are placed in the used system. The cathode is round and has a
diameter of approximately 5 cm, the anode forms a ring around the cathode at a distance of
a few mm. In a magnetron sputter system a magnet is placed behind the cathode. The north
pole of the magnet sits in the middle of the cathode and the south pole forms a ring around
the north pole. The field produced by the magnetron increases the ionization rate and allows
for a stable plasma in combination with low deposition pressures and voltages. On top of the
cathode, a target made out of the to be sputtered material is placed and electrically connected
to the cathode. In a DC sputter process allows only conducting targets can be used. A pure
Nb target was used during this thesis for sputtering of NbN and a pure Al target was used
for sputtering AIN. The substrate is placed opposing the target. The sputtering of the pure
target material is performed in a noble gas atmosphere, typically argon, at a pressure in the
range of 1 x 1073 to 1 x 1072 mbar. When a voltage is applied to the cathode, free electrons
are accelerated towards the cathode, ionizing Ar-atoms due to electron-electron collisions. If
the ionization rate is higher than the recombination rate of ions, a stable plasma forms and
a sufficient amount of ions are available for a stable process. The magnetic field caused by
the magnetron catches electrons in a circular path above the target and increases the number
of electron-electron collisions, thus increasing the ionization rate. The ionization rate is
influenced by the pressure and the applied sputter power. When the Ar-ions hit the target with
sufficient energy, material is sputtered off the surface. The target material is scattered inside
the chamber and eventually reaches the substrates surface. In order to obtain a high-quality
film, the sputtering process must be carefully optimized, since the growth conditions, such
as deposition rate, partial and total pressure and deposition temperature, each have a strong
influence on the microstructure of the deposited film: on the crystalline orientation, grain
sizes, or on internal stress.

3.1.1 NbN Deposition

The I-V characteristic of the Nb sputter process in a pure Ar-atmosphere is depicted in black
in fig. 3.2. The Ar pressure was set to pa; = 1.9 x 1073 mbar. The cathode was operated
at a constant sputter current. Below 20 mA the plasma is unstable and the discharge voltage
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Figure 3.2: Discharge characteristics of the plasma in the NbN deposition system. With a pure Ar atmosphere (black)
and in a Ar + Ny atmosphere (red). (1)-(5) mark different regions in the sputter characteristic.

fluctuates. With an increasing current, the plasma stabilizes and the I-V dependence shows a
linear characteristic.

To deposit NbN, N, is added to the Ar-atmosphere. The Nj gets split in the plasma into
nitrogen radicals which react with the Nb. The current-voltage characteristic at a total
pressure of pia = 2.3 mbar and a partial nitrogen pressure of py, = 4 X 10~* mbar is shown
in red in fig. 3.2. The current-voltage dependence can be separated into 5 regions, that
are referenced in fig. 3.2 by corresponding digits. For a low sputter current, the resulting
deposition rate is generally smaller than the reaction rate of Nb with N. In (1) the full target
is covered with NbN and the current-voltage dependence shows a linear characteristic. The
voltage is elevated for the NbN compared to the Nb deposition due to a higher secondary
electron emission potential [178]. In (2) the deposition rate is outpacing the reaction rate and
the characteristic shows a plateau. At (3) the deposition rate is large enough that a significant
area on the target is free from NbN and the voltage starts to decrease. At (4) not enough
nitrogen is available and almost no NbN is left on the target. The deposition voltage drops until
the target is free from NbN and follows the dependence for a pure Ar-atmosphere (5). The
stoichiometry of the film can be adjusted by the working point used. A lower sputter current
leads to a higher nitrogen content in the film ((1)+(2)). The highest critical temperature (7¢)
can generally be found in region (3). Films deposited in the region (4) are more metallic and
have a higher Nb content. The largest critical current (/¢) is generally found at slightly higher
sputter currents than needed for the highest 7. Here also the ratio of the measured /¢ to the
theoretical depairing current Iy, is increased [178]. In region (5) the nitrogen content in the
chamber is too low and a "dirty" Nb is sputtered, which results in a strong decrease of 7¢ and
Ic. An increase of the nitrogen partial pressure shifts the I-V characteristic towards higher
sputter currents and, correspondingly, to larger sputter rates [179].
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Figure 3.3: Discharge characteristics of the plasma during AIN deposition. With a pure argon atmosphere (black)
and a nitrogen and argon atmosphere (red). (1)-(3) mark different regions in the sputter characteristic.

3.1.2 AIN Deposition

The discharge characteristic of the AIN-deposition process used is shown in fig. 3.3. A sputter
process in pure Ar-atmosphere (displayed in black) shows a linear characteristic. The curve
was recorded at an argon pressure of 2.1 x 1073 mbar. The cathode was operated with a
current control of the sputter current.

To evaluate the discharge characteristic during AIN deposition, N is added at a partial pressure
of 0.6 x 1073 mbar. The I-V characteristic for the reactive process is shown in red in fig. 3.3.
In contrast to the NbN deposition as shown in fig. 3.2, the deposition voltage drops with the
addition of nitrogen. This can be explained by a larger secondary electron yield of Al with
the addition of Ny, which increases the ionization rate [180]. Below 30 mA, the plasma is not
stable, so a strong dependence of the deposition voltage on the sputter current can be seen.
Three characteristic regions, labeled in fig. 3.3 with digits, can be seen once the current is
large enough to allow for a stable plasma. At small sputter currents (1), the deposition rate
is smaller than the reaction rate of N, with Al, and the full target is covered with AIN. The
deposition voltage shows an ohmic rise. When the current is increased, the target starts to get
depleted of nitrogen (2) resulting in a stronger rise of the deposition voltage. In the region (3),
all nitrogen is used up by the Al and the inclination of the deposition voltage is comparable
to the inclination without N,. Again, the stoichiometry can be adjusted by controlling the
sputter current.

3.2 DC Film Characterization and Definitions

The superconducting and normal conducting properties of NbN films were studied using a
four-terminal sensing measurement scheme in a liquid helium Dewar at temperatures ranging
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Figure 3.4: Temperature dependence of resistance for an 5 nm thick NbN film.

from 4.2 to 300 K. Films were characterized regarding their residual resistivity p,, residual
resistance ratio RRR, critical temperature 7¢ and width of the superconducting transition AT¢.
The residual resistance and the RRR value can be used to give a qualitative assessment of
the defect number in a metallic film. A higher RRR is connected to either a more metallic
film or a film with less defects. The T¢ gives a qualitative assessment of the superconducting
properties of the film, whereas AT¢ can be used as an indicator for the uniformity of the film.
In a non-uniform film, the 7¢ will vary along the film which results in a large AT¢.

The resistance R(T') and, therefore, the resistivity p(T) of all studied films increases with
decreasing temperature, reaching a maximum value at approximately 20K (fig. 3.4a). This
behavior is typical for thin NbN films [181]. After reaching a maximum, the films start to
transition into the superconducting state. In this thesis, the residual resistance R, is deter-
mined as the maximum resistance before its superconducting transition with its corresponding
resistivity of p,. The resistance measured at room temperature is further regarded as Rz
with its corresponding resistivity of p3g.

Out of a measurement of the resistance at room temperature R3gpp and the normal resistance
just before the superconducting transition R,, (see fig. 3.4a). the residual resistance ratio RRR
can be calculated as a qualitative factor using an adapted Matthiessen rule:

RRR = R300 _ pphonon(300 K) + Pelectrons (300 K) + pdefects + Prunneling(300 K)
=X = .

n Pdefects T Ptunneling(zo K) G-D
The Matthiessen rule describes the resistivity of a metal as caused by collisions of electrons
with phonons, electrons and defects. The resistivity portions, that are caused by collisions with
phonons pphonon(7") and electrons pPeiectrons(1') are temperature-dependent and are significantly
reduced at lower temperatures [182]. The resistivity at low temperatures is mainly determined
by material defects, which is why the RRR value can be used to evaluate the amount of defects
in the material. This leads to a positive temperature coefficient for metals. The negative
temperature coefficient for thin NbN films cannot be explained by collisions of electrons with
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Figure 3.5: Current voltage characteristic of a superconducting film.

phonons, electrons and defects alone. These films have to be viewed not as a smooth film,
but as a highly granular film with a large number of grain boundaries, acting as a random
array of tunnel junctions with thermally activated tunneling [183]. At larger temperatures,
the tunneling probability is higher, because of the higher thermal energy. This can explain a
lower resistivity of the film at room temperature. To accommodate for tunneling, Pwnneling(T)
was added to eq. (3.1). Since the tunnel junctions will act as random array of Josephson
junctions [184] in the superconducting state, this effect will not prevent the film from getting
superconducting.

Tc was determined (fig. 3.4b) as the temperature at which the resistance drops to 0.1 % of p,
during the superconducting transition. The 7¢ is material-dependent and is strongly influenced
by material defects. AT¢ was determined out of the temperature difference between 10 % and
90 % of py,.

A structuring of bridges out of the NbN film, allows for an accurate measurement of the critical
current /c and the re-trapping current /. Ic and I, can be derived out of a current-voltage
characteristic. An example of a current-voltage characteristic for a NbN bridge is shown
in fig. 3.5. Starting at a current of O A, the film is superconducting and no voltage drop
across the bridge is visible. When the current is increased, no voltage is visible until /¢ is
reached and the bridge abruptly switches to its normal conducting state. The critical current
and corresponding critical current density jc allow the evaluation of the superconducting
properties of the film. If the current is further increased, a resistive dependence is visible.
When the current is gradually reduced, the voltage follows a resistive dependence until the
bridge switches to its superconducting state. This switchback current is the retrapping current
I.. I, is defined by the thermal coupling of the superconducting film to the substrate and
defines the point where the energy introduced by Joule heating equals the energy reduction
by thermal relaxation. The same dependence can be seen for negative currents. The 7, and
the corresponding re-trapping current density j, are connected to the thermal coupling of
the film. In combination with p, the thermal coupling B of the film to the substrate can be
calculated as [185]:
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Jr = \/[K (¢ - )] (G2

where d is the thickness of the film and T is the bath temperature, in our case 4.2 K.

3.3 Dependence of NbN Properties on Deposition
Conditions

To get a high film quality, different deposition conditions for the NbN sputter process were
investigated. The films were sputtered onto a polished GaAs-substrate with and without AIN
buffer layer with a (100) crystal orientation. The influences of the substrate temperature
during deposition and of the sputter current were investigated. In addition, the influence of
the AIN buffer layer was studied for several NbN thicknesses.

3.3.1 Deposition Temperature

For the deposition of NbN thin films on GaAs, three temperature-dependent effects should
be taken into account. The first effect is the influence of the temperature on the crystalline
growth of thin films. The second effect is connected to the thermal stability of the substrate:
elevated temperatures cause the desorption of surface oxides and arsenic from the GaAs-
substrate. The third effect is an increased diffusion at higher temperatures, which can lead
to an inter-diffusion of tangent layers. For the film growth, higher temperatures result in a
higher mobility of the sputtered material on the substrate. This allows the sputtered particles
to arrange in a more favorable position on the substrate surface, decreasing the number of
lattice defects and increasing the size of individual grains. Depending on temperature and
pressure, several zones of film growth are present. In fig. 3.6, several growth zones are shown
in dependence of the process pressure and on the normalized substrate temperature. 7/T,,
here is the substrate temperature during deposition normalized to the melting temperature of
the sputtered material. The melting temperature of NbN is 2573 °C.

In zone 1, the mobility of atoms on the substrate surface is low. Atoms stick where they
land, resulting in a fine grained porous film structure. In zone 2 surface diffusion occurs with
activation energies of 0.1 to 0.3 eV, resulting in a columnar growth of the film. At even higher
temperatures, in zone 3, bulk diffusion occurs with activation energies above 0.3 eV resulting
in a rough grained equiaxed film structure. Between zone 1 and zone 2 a transition zone, zone
T, develops with a smooth surface topology [186] [188]. For the used process pressure at
around 2 mtorr, the intermediate zone starts at a substrate temperature of around 70 °C. The
film is optimized almost exclusively in zone T.

GaAs has naturally occurring surface oxides with a distinct temperature stability, which causes
a significant influence of the deposition temperature on the substrate surface topology [82].
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Figure 3.6: Micro-structure zone diagram for sputtered metal films at different temperatures and pressures. 7' /T,
is the substrate temperature during deposition normalized on the melting temperature of the sputtered
material. The investigated temperature region is marked in blue. Reprinted (adapted) from [186] [187]
and colorized with the permission from AIP Publishing.

At substrate temperatures of around 150 °C, volatile As-oxides like AsO are desorbed from
the surface. With a further increase in temperature, chemical reactions between the GaAs
surface and the existing oxides are favored. At approximately 300 °C, the stable As-oxide
AsyOs3 reacts with GaAs to the most stable Ga-oxide Ga; O3 and arsenic:

A0 +2GaAs 25, Gar03 + 2 Asy (or Asy). (3.3)

The arsenic created in this reaction evaporates from the substrate surface. At temperatures
around 400 °C, Ga,O starts to evaporate from the surface. At temperatures of approximately
500 °C, Ga, O3 is reduced to the more volatile Ga, O, which evaporates from the surface:

Gay03 +4Ga -2, 3Gay0. (3.4)

The different temperature stability of the present oxides leads to the growth of surface pits on
GaAs. Stable oxides mask the surface, whilst volatile oxides and arsenic are desorbed [82]. In
addition, diffusion processes are accelerated at high temperatures which decreases the film’s
quality by inter-diffusion of O and As atoms into the NbN and of Nb into the GaAs [80].

In summary, an elevated temperature is preferred for the crystalline film growth, since a higher
surface mobility fosters epitaxial growth and reduces the number of surface defects. On the
other hand, the surface of the substrate roughens up and a higher temperature leads to an
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Figure 3.7: Superconducting properties of NbN films in dependence of the deposition temperature.

increased diffusion of oxygen and arsenic into the NbN film decreasing the quality of the
sputtered film.

To find the optimal deposition temperature of NbN films, the substrate was placed on a heater.
Films were deposited on pure GaAs (100) substrates at heater temperatures of 30 to 700 °C.
In addition, a sapphire substrate was placed along the GaAs substrate, which was later used
to control the thickness of the grown film. The substrates were positioned on top of a copper
substrate holder, which was placed on top of the heater without the use of thermal glue. The
presence of two thermal interfaces with a not optimal thermal coupling causes the substrate
temperature to be significantly lower than the heater temperature. The deposition temperature
was reached by increasing the heater temperature from room temperature to the deposition
temperature at a rate of 20°C/min. The substrates were kept approximately 30 min at the
chosen deposition temperature prior to the film growth in order to ensure the substrate to reach
the state of thermal equilibrium. 7 nm of NbN was sputtered at a current of 245 mA at partial
pressures of pa; = 1.9 x 1073 mbar and PN, = 0.4 % 1073 mbar. The resulting deposition rate
is 0.11 nm/s. After growth, the film thickness was controlled on the sapphire substrate after
patterning stripes using photo-lithography and reactive ion etching (RIE). Profilometry was
used to measure the thickness.

The samples were characterized regarding their resistive and superconducting properties.
The residual resistivity decreases with increasing heater temperature fpeaer While the residual
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resistance ratio RRR shows no dependence on the deposition temperature (fig. 3.7a). By
increasing theater, ¢ increases by a total of 5K to a 7¢ of 11.2 K (fig. 3.7b). The dependence
of the T¢ on the fheqter Can be categorized into three temperature regions, with jumps between
the individual regions. In region (1) where the temperature rises from 30 to 350 °C, the ¢
shows a moderate growth on temperature. In region (2) in the range from 400 to 600 °C,
this growth is enhanced and in region (3) the growth is reduced. The increase of 7¢ and
decrease of p, at higher heater temperatures can be explained by a more ordered crystal
growth of the film due to the higher mobility of atoms on the substrate surface, reducing the
amount of defects in the film. Since RRR is expected to increase in case of a lower amount
of defects, the observed temperature-independence of RRR is unexpected. The temperature
independence of the RRR can be explained by a shunting effect of the GaAs substrate at high
temperatures which dominates the resistance-temperature dependence. At room temperature,
the resistivity of GaAs is similar to the resistivity of the normal conducting NbN film. While
cooling down, the conductivity of GaAs decreases exponentially with decreasing temperature
and is significantly lower than the conductivity of the NbN film at 20 K. Hence, the RRR
is not suitable for an evaluation of the film properties for NbN films directly on GaAs. The
three temperature regions of 7¢ found can be explained by changes in the substrate topology
due to substrate heating. In region (1), most of the native oxides on the GaAs surface are
still present. The better crystal growth is counteracted by the interdiffusion of arsenic and
oxygen into the NbN film. With increasing temperature, As-oxides start to evaporate from
the surface. The As desorption is enhanced by the (eq. (3.3)) decomposition of As,O3 taking
place at substrate temperatures of approximately 300 °C, which fits very well with the jump
from region (1) to region (2) at fpeaer = 400°C. The stronger T¢ growth in region (2) can
be explained by a lower amount of remaining surface oxides due to the 30 min annealing.
The transition from region (2) to region (3) at theater = 650 °C fits well to the decomposition
of Ga,03 (eq. (3.4)) taking place at 500 °C, which leads to the desorption of the stable Ga-
oxides, further decreasing the amount of oxygen on the surface. However, the roughness of
the surface grows and the 7¢ growth in region (3) is reduced. Out of the assignment of the
data to different surface desorption processes, the substrate temperature can be estimated to
~500 °C at a heater temperature of 650 °C.

The critical current density jc and the re-trapping current density j, of the NbN films
was investigated using micrometer-sized bridges (fig. 3.7c). With increasing theaer from
350 to 650 °C the jc and j, almost tripled to a jc of 2.8 MA/cm? and a j, of 1.1 MA/cm?,
respectively. A heating of the substrate during the deposition process significantly improves
the thermal coupling B by 25 % (fig. 3.7¢).

In conclusion, it can be observed that a heating of the substrate during deposition significantly
increases T¢ and the thermal coupling of the NbN film on GaAs. The benefits of an improved
crystalline growth outweighs the effects of the temperature stability of the substrate in the
investigated range with heater temperatures ranging from room temperature to 700 °C and
a further increase in 7¢ and jc is expected for even higher temperatures. However, for the
growth of films with self assembled QDs, the heater temperature needs to be significantly
lower than the annealing temperature during QD-fabrication (610 °C) in order to prevent a
degradation of QDs.
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Figure 3.8: Deposition voltage and deposition rate in dependence on the sputter current in the NbN deposition system.

3.3.2 Sputter Current

A variation of the sputter current for the NbN deposition allows for an optimization of
superconducting properties by changing the film stoichiometry and the crystal growth. The
film growth is investigated on GaAs (100) substrate with and without AIN buffer layer to
find the deposition condition for which the highest 7¢ and smallest A7¢ can be reached. The
influence of the AIN buffer layer is evaluated by directly comparing films with and without
a buffer layer. The AIN buffer layer was sputtered using DC reactive magnetron sputtering
out of an Al-target in a nitrogen and argon atmosphere at a heater temperature of 600 °C.
The substrates were placed onto the heater without the use of thermal glue and were kept
at 600 °C approximately 30 min prior to the AIN deposition. 12nm of AIN was grown at a
sputter current of 160 mA, a pressure of 2.7 mbar and a pa,:pn, ratio of 3.6:1 resulting in a
deposition rate of 0.08 nm/s. All AIN films were deposited ex situ to the NbN film in a single
sputter process for all investigated substrates to yield the best possible comparability.

NbN films with dnpy = 5.5nm were deposited onto buffered and raw GaAs substrates
simultaneously. The films were deposited at a heater temperature #heaer 0f 600 °C. Prior to
the NbN deposition, the substrates were kept at the deposition temperature for approximately
30 min to allow for thermalization. The NbN was sputtered at a pressure of pioa1 = 3.3 mbar at
a pAripPN, ratio of 2:1. The sputter current was optimized in the transition between regions (3)
and (4) of the current-voltage characteristic of the NbN sputter system (see section 3.1) from
230 to 300 mA. The corresponding deposition voltages are shown in fig. 3.8a. As expected,
the deposition rate raises with an increasing sputter current (fig. 3.8b).

Tc (fig. 3.9a) increases with increasing sputter current until it reaches a maximum of 12 K at
275 mA and then decreases strongly. The T¢ is increased by the use of an AIN buffer layer
by ~2 K over the full investigated range of sputter currents. A Tc¢ of 12K is a significant
improvement over previously reported values for ~5nm thick NbN films (8.2K [81]; 8.7K
[80]; 9.4K [189]. All these values were adapted to the 0.1 % p,, criterion used for the
determination of 7¢ during this thesis). The AT¢ decreases with an increasing sputter current
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Figure 3.9: NbN film properties in dependence of the sputter current and influence of a AIN buffer layer. Films
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(fig. 3.9b) and is decreased by ~0.4 K due to the buffer layer. RRR increases with an increase
of the sputter current. An by approximately 0.06 larger RRR value is measured for NbN
films on the buffered substrate. The residual resistivity is lower for NbN on a AIN buffer
layer. The residual resitivity decreases for an increasing sputter current until 280 mA and then
slightly increases for NbN films on both substrates. Overall, the AIN buffer layer improves the
superconducting properties of the NbN film. The largest 7¢ and the lowest residual resistance
is found to be at the end of sputter region (3) just before the transition to region (4). Since this
"optimal" point is found for the same current independent of the substrate, this indicates an
optimal stoichiometry of the film. The decrease of AT indicates a better homogeneity of the
film at higher sputter currents. The rise of the RRR can be attributed to a more metallic film
due to a shift of the stoichiometry towards a higher Nb content and lower number of defects
at higher sputter currents.
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3.3.3 NbN with Different Thickness

The superconducting properties of the NbN film get suppressed on its surface because of
oxidation and on the substrate-NbN interface due to interdiffusion. This normal conducting
layer in close proximity to the superconducting layer reduces the effective thickness of the
superconducting film and further suppresses the critical temperature. This suppression of
superconductivity is known as the superconducting proximity effect [83] [84] [85]. The
influence of the superconducting proximity effect is evaluated by changing the thickness of
the NbN film since the thickness of the film with suppressed superconductivity stays constant,
whilst the thickness of the superconducting core increases with a larger film thickness. Films
grown for this section were grown at a heater temperature of 500 °C. The main part of this
section is published in [SIS17]. Prior to deposition, the substrate was precleaned in a low
power (20 W) RF sputtering process in Ar-atmosphere at a pressure of 1 x 107> mbar. The
AIN deposition was performed in-situ with the precleaning process at pyog of 2.4 X 1073 mbar
at a ratio of par : pn, of 3 : 1. 10nm of AIN were deposited at a rate of 0.11 nm/s. The
NDbN films were sputtered simultaneously on a substrate with and without buffer layer, ex situ
to the AIN film without additional precleaning. The deposition was performed at piora of
4 x 1073 mbar at a ratio of pa; : PN, of 3 : 1, at a deposition rate of 11 nm/s. NbN films
were deposited at thicknesses from 3.3 to 20 nm. The films were patterned into single-bridge
structures of widths from 1 to 10 um and a length of 20 pm each.

The presented results are averaged over 10 samples for each individual thickness (fig. 3.10a).
The residual resistivity increases with decreasing thickness. For buffered films, p, is 15 %
smaller than for films on bare GaAs. RRR decreases with decreasing d. For the NbN film with
a buffer layer, the RRR value is increased by 20 % (fig. 3.10a). T¢ decreases with decreasing
thickness for both substrates and is larger for buffered films in the full range (fig. 3.10b). In
addition, to a larger T¢, the variation of T¢ for the measured bridges is two times smaller in
the buffered case (0.1 K). This indicates a better uniformity of the NbN film in the buffered
case over the full area of the chip (100 mm?). With increasing thickness AT¢ decreases, but no
influence of the substrate can be seen (fig. 3.10b). jc and j, decrease with decreasing thickness
(fig. 3.10c). The re-trapping current is similar for both substrates, nevertheless, the critical
current is increased by 73 % by the buffer layer. The calculated thermal coupling coefficient
is almost twice as high for thick NbN films without a buffer layer. The coupling decreases
for dnpn < 10nm (fig. 3.10d) steeper without a buffer layer and is only 14 % smaller for the
buffered sample for dnpn < 5Snm. The thinnest film of 3.3 nm shows a larger T, jc, B and a
smaller resistivity than expected in comparison to thicker films on both substrates. The T¢(d)
dependence (fig. 3.10b, solid line) was fitted with Tc(d) as predicted by Cooper [83] [190]:

s —2Ad

Tc(d) = Te(co) - exp NV(d = 20d)’

(3.5)

where NV is the bulk interaction potential and {s the electron mean-free path in the super-
conductor. The value of {5 was chosen according to [131] to 0.8 nm for the fit. The critical
temperature for the bulk film 7¢(c0) and the thickness of a layer with suppressed supercon-
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Figure 3.10: Dependence of superconducting and electrical properties on thickness of the NbN film. Films without
buffer layer are displayed in black, with an AIN buffer layer in red. The dashed lines are to guide the
eye, solid lines are fits to the data with eq. (3.5). The closed symbols in a) and b) correspond to the left
Y-axis and the open symbols to the right Y-axis of the figure

ductivity Ad can be extracted out of fit. The fit reveals a Tc(c0) of 10.2 K without and 11.5K
with AIN buffer. The NV was determined to 1.5 out of the fit. The extracted Ad corresponds
to 0.86 nm for the unbuffered and 0.68 nm for the buffered film. Hence, the thickness of the
film with suppressed superconductivity is reduced by the buffer layer. AIN-buffered NbN
films have a larger critical temperature, lower resistivity and a larger RRR. Correspondingly
the jc at a temperature of 4.2 K is increased. However, no influence of the buffer layer on A7¢
can be seen. These results can be explained by the AIN buffer layer having a polycrystalline
structure or rather amorphous structure in contrast to an ideal mono-crystalline structure with
well-defined orientation. This AIN crystal structure may cause the NbN growth to also favor
a granular polycrystalline to amorphous structure in contrast to a more epitaxial growth of
NDN films onto heated sapphire substrates [131]. The reduced thermal coupling coefficient
of the buffered substrate also supports a polycrystalline or amorphous nature of the AIN film,
since such a structure has a weakened thermal conductivity in comparison to an epitaxial film.
This indicates that the improvement of the NbN film quality is connected to the AIN buffer
layer acting as a diffusion stopper. It prevents oxygen and arsenic diffusion into the NbN and
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Figure 3.11: Discharge characteristics of the AIN deposition system in dependence on the process pressure. The
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region (2), and a region of excess aluminum (3). Arrows mark the working points with identical relative
nitrogen consumption that were used for evaluation.

the formation of non-superconducting Nb— As compounds and oxidation at the NbN substrate
interface. The NbN film can be considered as a superconducting body that is sandwiched
between normal conducting layers with high resistivity which is caused by surface oxidation.
The increase of T¢ and consequently jc of the film can be explained in the context of the
superconducting proximity effect, since the thickness of the superconducting layer is reduced
by a smaller Ad for the buffered NbN film. This further explains the lower resistivity of the
buffered film as the lower resistive core remains thicker. Furthermore, the lower defect density
in the thicker core in comparison to the edges explains the increase of the measured RRR.

3.4 Dependence of NbN Properties on AIN Deposition
Conditions

As seen in the previous section, the AIN buffer significantly improves the superconducting
properties of the NbN film. Furthermore, it was concluded that the crystalline structure of the
AIN buffer layer has a significant influence on the growth and, therefore, the quality of the
NbN film. For a further improvement of growth conditions, an investigation of the influence
of AIN growth conditions on the quality of the NbN films was performed. In this section, all
NbN films were deposited at a pyory of 2.4 X 1073 mbar at a ratio of par i PN, of 3: 1 ata
sputter current of 260 mA at a deposition rate of 0.13 nm/s.

3.4.1 Working Pressure

The working pressure has a considerable influence on the growth of the film during sputtering.
It influences the free path length of the ions and the free path length of the sputtered material
during the process. An adjustment of the working pressure allows an adjustment of the
deposition rate while maintaining the stoichiometry of the film.
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The NDN film quality was investigated for four different AIN deposition pressures from piopa =
1.6 x 1073 mbar to 4.7 x 1073 mbar. The partial pressures were adjusted to a ratio par:px,
of 3.6:1. The corresponding voltage-current dependencies are shown in fig. 3.11. For the
lowest pressure, the dependence starts at 70 mA since the plasma was not stable for lower
currents. In region (1) the resulting films are transparent and start to get a metallic look in
region (2) indicating an excess of aluminum in the film until it gets fully metallic in region (3).
Since for photonic integrated circuits a transparent buffer layer is a necessity, the investigation
of AIN films was focused on region (1). For the different working pressures, the sputter
current was adjusted to the same relative nitrogen consumption AN, of 69 % to maintain the
stoichiometry for all films. The nitrogen consumption was defined as the amount of nitrogen
that is consumed during deposition and was calculated as:

ptotal(lsp) - pAr(O)

AN, =1 —
PN, (0)

(3.6)

Protal({sp) is the total pressure at an applied sputter current (/;,), par(0) and pn,(0) are the
partial pressures with no applied sputter current. The corresponding working points are
marked by arrows in fig. 3.11. 5nm of AIN was deposited at each working pressure. On all
AIN samples, 5 nm of NbN was deposited simultaneously ex situ to the AIN deposition. Both
depositions were performed at a heater temperature of 600 °C.

The deposition rates of AIN increase with an increasing working pressure (fig. 3.12). The
Tc and RRR rise for a lower pressure until they drop at the lowest pressure of 1.6 mbar
(fig. 3.13). The AT( decreases towards a lower pressure until it rises at the lowest pressure
of 1.6 mbar. This can be explained by the lower deposition rate and the energy of particles:
a lower deposition rate gives arriving particles more time to arrange in favorable positions
in the film before they are buried by new incoming particles. For a lower process pressure,
less energy is lost in collisions with other particles. A higher energy on the substrate results
in a larger surface mobility of the sputtered material and a more crystalline film growth is
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Figure 3.13: Influence of the AIN deposition pressure on the superconducting properties of the NbN layer. To keep
the (AIN) stoichiometry constant the nitrogen consumption was kept constant at 69 %. The dashed lines
are a b-spline interpolation of the data to guide the eye.

favored. The lower Tc, RRR and higher AT¢ at the lowest pressure setting can be explained
by a inhomogenous film growth of the AIN film due to the plasma not being perfectly stable
at the used pressure with the used sputter current. Essentially, the pressure needs to be as
low as possible while maintaining a stable plasma during deposition. The optimal deposition
pressure for the AIN deposition to reach a high T, a low 7¢ and a high RRR of NbN films is
2.7 mbar in the available sputter system and was used for further AIN optimization.

3.4.2 Sputter Current

Since the sputter current has a significant influence on the growth conditions and stoichiometry
of the film, the influence of the AIN sputter current on the electric and superconducting
properties of the NbN film was investigated. 5 nm of AIN were deposited for a sputter current
from 100 to 300 mA. The corresponding AIN deposition rates are shown in fig. 3.14. The
deposition rate increases for an increasing sputter current due to the increased sputter power.
A 4.5 nm thick NbN film was deposited onto the AIN, to evaluate the benefit for NbN films.

For an increasing Iy, from 160 to 180 mA, the T¢ increases then starts to decrease until it
levels out at approximately 250 mA, whilst AT¢ stays constant (fig. 3.15a). RRR slightly
increases, however, the values for RRR have a large variation for the investigated samples,
which prevents the extraction of a clear dependence (fig. 3.15b). The increase of the RRR
towards larger sputter currents is not necessarily connected to lower defects in the NbN film
but may also be caused by the change of the AIN stoichiometry towards a higher Al-content,
which increases the conductivity of AIN and may lead to a resistive shunting of the NbN film.

To see if the change in sputter rate and stoichiometry influences the AIN surface structure,
the roughness of the AIN film was investigated by scanning an area of 5um X 5 pm of the
samples surface with an atomic force microscope (AFM) and calculating the root mean square
deviation of the measured height for all data points. The measurement was performed for
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Figure 3.17: Dependence of NbN film properties on the thickness of AIN. The dashed lines are a guide to the eye.

samples sputtered at currents from 130 to 180 mA and compared to the roughness of the
GaAs(100) substrate prior to AIN deposition (fig. 3.16). For small currents, the roughness of
the AIN films is lower than the roughness of the plain substrate but increases with increasing
sputter current and is larger than the GaAs surface roughness for currents larger than ~165 mA.
In total the highest 7¢ for NbN, and hence the optimal sputter current for AIN, is found
at 160 mA.

3.4.3 AIN Thickness

The quality of the NbN was investigated for a variation of the AIN thickness (dan). The aim
of this variation in thickness was to find the thinnest possible buffer layer for a high-quality
NbN film. The thickness should be as small as possible to enable the best coupling of the
evanescent WG field to the detector in case of a photonic circuit. However, if the thickness is
too thin, the AIN will not act as an efficient diffusion barrier so an optimal thickness has to
be found.

AIN buffer layers with thicknesses of 2.5 to 100 nm were deposited at the previously optimized
pressure and sputter current. A 5 nm thick NbN film was used for evaluation.

The resulting 7c and AT are shown in fig. 3.17a. The T¢ increase by the buffer layer
is approximately 2K already for the thinnest investigated buffer layer with a thickness of
2.5nm. The T¢ increases until a thickness of 12 nm is reached, stays almost constant until
dain = 50nm and then slightly decreases towards 100 nm. A7¢ is decreased by the presence
of the AIN film and does not show a clear dependence on thickness. The RRR (fig. 3.17b) is
increased by the AIN buffer layer and decreases with increasing AIN film thickness.

The surface roughness of the AIN film (fig. 3.18) is lower than the roughness of the GaAs
substrate for AIN film thicknesses below 6 nm. For larger thicknesses, the roughness increases
beyond the roughness of the GaAs surface and further increases with increasing thickness.
The strong increase in 7¢ and RRR and the decrease in AT¢ already for very thin AIN films
can be explained by the buffer layer acting as a diffusion stopper layer and a change in the
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Figure 3.18: Surface roughness of the AIN film at different thicknesses. The dashed line is a guide to the eye.

surface roughness. Even the thinnest tested buffer layer of 2.5 nm thickness consisting of
approximately 5 mono layers of AIN may efficiently reduce diffusion while also reducing
surface roughness, leading to a significant increase in 7c and RRR. The T¢ is further
increased until da;ny ~ 12 nm since the buffer layer gets more impermeable until it stops all
diffusion. The decrease of 7¢c and RRR towards lager thicknesses can be explained by the
increasing roughness for larger AIN film thicknesses. In contrast, while the A7¢ is reduced
by the presence of the buffer layer, no dependence on the AIN thickness is visible. The best
conditions of NbN film growth is found for a AIN thickness of 12nm. The 7¢ of 10.9K of
the NbN film at a AIN thickness of 100 nm is large enough to indicate that detector operation
at 4.2 K is feasible even for thick AIN films. This provides the opportunity of the fabricating
AIN-based photonic integrated circuits on sputtered AIN films.

3.5 Dielectric Properties of the AIN Film

Whilst the quality of the NbN film can be assessed directly by the measurement of its electrical
properties, this is not possible for an isolating film. To directly investigate the quality of the
fabricated AIN films, their dielectric properties were evaluated. A high-quality AIN film is not
only interesting as a buffer layer but also as a functional layer for integrated photonic circuits.
It could further be used as a dielectric for capacitors integrated with SNSPDs to build up an
integrated bias tee. Integrating a bias tee onto the same chip as the detector would reduce
routing complexity and allow the reduction of thermal noise since it is cooled down to the
same temperature as the SNSPD. An integrated bias tee would allow the individual readout
for a larger number of detectors in a cryostat with limited available space. As demonstrated
by Hofherr [191], a large enough on-chip capacity cannot be reached by means of a planar
inter-digital capacitor whilst adhering to the space requirements. A solution to this is the use
of a thin film plate capacitor with AIN as a dielectric. To evaluate the quality of the NbN
film, a resonator design was developed that allows the characterization of the film’s dielectric
constant &, and gives an upper limit of the film’s loss factor tan . Resonators with different
AIN films were fabricated and characterized. To prove the validity of the gained results a
high-pass filter was designed, fabricated and characterized.
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3.5.1 Theoretical Background

For ultra-thin films, the characterization of the &, is challenging, which is why a special
design had to be developed to allow the measurement of all parameters that are needed for the
calculation. The &, can be determined out of the capacity C of a plate capacitor with AIN as
a dielectric with known spatial dimensions:

A
C=¢gr&- 7 3.7

& is the vacuum permittivity, A is the area of the capacitor and d the thickness of the dielectric.
To determine a capacity C free from the parasitic capacities caused by feed lines, the resonance
frequency fy of a LC-resonator can be used with a known inductance L:

1

f():Zﬂ\/E.

(3.8)

This makes it necessary to accurately determine the inductance of the used resonator. Typi-
cally, the inductance of a wire is considered by its magnetic self-inductance which is caused
by energy stored in the magnetic field around the wire. Its only depend logarithmically on the
wire diameter and its length dependence is in the range of 1 pH/um [192]. In thin films, a
significant amount of the inductance is not caused by its magnetic inductance, further regarded
as geometric inductance Lg.,, but by the inertia of the electrons traveling in the film. The
inductance caused by inertia is further regarded as the kinetic inductance Lg;,. Lg;, scales
with wire length and inversely with the cross-sectional area. In a normal conducing wire
the inertia of electrons is limited due to constant collisions with phonons, decreasing their
speed. The impedance dominates L;,. However, in a superconductor, no DC resistance is
present and electron-pairs can move freely, and are thereby able to reach a significant inertia.
From DC to GHz frequencies the impedance can be dominated by the kinetic inductance of
the supercurrent. For a 5nm thick NbN film, the square inductance Ly is in the range of
120 pH [193] [147]. By careful design with a width of the inductor in the nano scale, one
can make sure that Ly, >> Lge,, s0 only the kinetic inductance needs to be considered. The
kinetic inductance of a superconducting film can be calculated using the London penetration
depth Ay :

£
Liin = po - A(Tp)* - " (3.9)

where ¢ is the length of the inductor and A is its cross section. The London penetration depth
at bath temperature T, A7 (Tp), can be calculated using eq. (3.10) [194]:
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Figure 3.19: Typical resonance dip of a LC-resonator [195]. The positions to determine the loaded Qy and the
intrinsic quality factors Q( are marked.

12(0)

1= (T /Te)*

AL(Tp) = (3.10)

where the penetration at 7 = 0, A7(0), can be calculated using the residual resistivity p,, and
the critical temperature 7¢ of the film using eq. (3.11) [194]:

A.(0) = 1.05 - 107 - y/p, /Tcem. (3.11)

An upper limit of tan é can be determined using the unloaded intrinsic quality factor Qg of
the resonator (fig. 3.19). The unloaded Qg includes losses due to NbN surface resistance Q,,
radiative losses Q, .4 and losses in the dielectric Q:

1 1 1 1

QO:Q_p+Qrad+E.

(3.12)

O, aa can be neglected for a carefully matched resonator design. For a short inductor and a
wide conductor compared to the overall size of the resonator, Q,, should be small compared
to Q. In case of a small Q,,, one can assume that Qg = Q. = tan6 [195]. Q is extracted out
of the frequency response of the resonator (a typical resonance dip is shown in fig. 3.19). The
Qy is calculated out of the bandwidth A fp, of the resonance dip and the resonance frequency

fo:
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Jo

Qo= AfQo .

(3.13)

The attenuation level to extract the Qy was calculated using [196]:

2.82

12,/
S =\ —, 3.14
12,00 =\ T+ S (3.14)

where S5 ;, is the depth of the resonance dip.

In summary, &, can be determined by using a LC-resonator with AIN as a dielectric and
measuring the resonance frequency fj in combination with measuring 7¢ and p,, of the NbN
film. tan¢ can be determined out of the unloaded quality factor of the resonance dip if the
surface resistance of the used NbN film is small enough. A chip design, that allows the
measurement of all these parameters had to be developed.

3.5.2 Resonator Design

To determine &, and tand, a chip design was developed utilizing 5 superconducting LC
resonators embedded in a microstrip transmission line along with two bridges to determine 7¢
and p,, and measurement stripes to determine the thickness of the individual layers (fig. 3.21).
A dual-side polished R-plane sapphire of a thickness of 350 um was chosen as a substrate since
it is an excellent low loss microwave substrate with a tan§ < 107 [197] at a temperature of
4.2 K and a well-known substrate for the growth of high-quality NbN films. As a ground plane
for the microstrip transmission line, a gold conductive layer (d > 235 nm) was deposited onto
the backside of the substrate. To demonstrate the feasibility of making an integrated microwave
circuit along with a SNSPD from the same film, the thickness of the microstrip transmission
line and resonators was chosen to be 5Snm. The geometry of the microstrip transmission
line was optimized for the used substrate thickness and for a kinetic sheet inductance of the
Ly = 120 pH using the Sonnet EM simulation software [198] to an impedance of 50 Q. The
optimal strip width for an impedance of 50 Q2 was found to be 465 um.

The resonators were designed as lumped-element LC circuits [195]. To reduce the number
of required fabrication steps, which improves the yield, a two capacitor design was used
(fig. 3.20a). The design allows the fabrication of the AIN dielectric and the top electrode in
situ with each other. It consists of two thin-film capacitors with identical capacities (C; & C»)
and two inductors (L; & Lp). Ly, the microstrip transmission line and the lower electrode of
the thin-film capacitors are structured out of a 5 nm thick NbN film. L, and the top electrode
of C; & C, are made from a 200 nm thick NbN film. L; has a length of 500 um and a width
of 25 ym resulting in a total inductance of 20Lg. L, bridges the gap between both capacitors
and has a length of 50 um and a width corresponding to the width of capacitors. Due to the
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Figure 3.20: Design of a single LC resonator (a) and its equivalent electrical circuit (b). (a) Top view of the
embedded LC-resonator with a side view of the layer structure for capacitors. In the top view the
microstrip transmission line is shown in blue; the nanowires acting as inductor are depicted in yellow;
the capacitors are shown in red. In the side view the NbN electrodes are shown in blue whilst the AIN
dielectric is colorized green.

significant lager thickness, the inductance of L, is at least 80 times smaller than the inductance
of L and can be neglected. As C| and C; are in series, the capacity of the resonators simplify
to % = c% + CLZ In addition, since the gap is 50 um wide, an occurring parasitic capacity of
the resonator can be neglected since it is small in comparison to C. The resonance frequency

of the presented resonator design is:

1

fo_n-\/ZL]c’

(3.15)

To achieve an equal spacing of the resonance frequencies, the area of the capacitors was
used to adjust fy. The areas were chosen to 50 um X 50 pm, 25 pm X 50 um, 25 um X 25 um,
25um X 15 um and 25 um X 10 um. This results in a resonance frequency of the individual
resonators compared to the resonator with the lowest resonance frequency fy1 of fo2 =
1.4 fo.1, fo3=2"fo.1, foa =25 fo.1 and fo 5 = 3.1 - fo,1, respectively.

The full chip design is shown in fig. 3.21. The microstrip transmission line with integrated
resonators shown in (a) is connected during measurement to port P1 and port P2. For the
calculation of Ly, the p, of the 5nm NDN film was determined out of the two bridges
(b) which contain contacts for a four-point measurement scheme. The longer bridge has a
width of 50 um and a length of 2500 pm and the shorter bridge was chosen to have a width of
25 um and a length of 500 um. Both bridges were designed to have width of 500 nm which is
significantly larger than width variations of the optical lithography and to have a length of at
least 20 times their width, to lower the influence of small defects in the bridge on the measured
pn. Several stripes (c) were placed into the design to accurately determine the thickness of
individual layers.
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Figure 3.21: Design of the resonator chip. Five resonators are embedded in a microstrip transmission line. The
bottom NbN film is shown in blue, the top film in red. a) Microstrip transmission line with 5 embedded
LC-resonators; the two ports are indicated with P1 and P2. b) Four-point measurement bridges to
determine p,,. c) Stripes to accurately determine the thickness of each layer.

3.5.3 Resonator Fabrication

Samples were fabricated with AIN thicknesses from 6.4 to 25 nm, at two different temperatures
and deposition rates. The fabrication of a resonator chip was performed in three deposition
and two patterning steps (fig. 3.22). In the first deposition step, a 10 nm thick Nb adhesion
layer was deposited using sputter deposition at a rate of 0.33 nm/s followed by the deposition
of a more than 235 nm thick Au ground layer in situ at a rate of 1.3nm/s. The chip was
then flipped and a 6 nm thick NbN film was deposited. The NbN deposition was done at
a temperature of 850°C in an Ar/N, atmosphere at a rate of 0.08 nm/s. The microstrip
transmission line, test structures and alignment marks were patterned using photolithography
and reactive ion etching in an O,/SF¢ atmosphere. In the third deposition step, the AIN
dielectric layer was deposited followed by an in situ deposition of a 160 nm thick NbN layer
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Figure 3.22: Fabrication process of resonators
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Figure 3.23: Tilted SEM images of a full resonator chip and and a single resonator.

serving as a top electrode for the thin film capacitors. The AIN was deposited at different
thicknesses at 36 °C and 600 °C and at deposition rates of 0.09 nm/s and 0.04 nm/s. The
top NbN layer was patterned using two photolithography and RIE steps: first, windows were
etched into the top electrode to reveal alignment marks for a second lithography step. In the
second lithography, the capacitors were defined. The AIN layer hereby acts as an etch stopping
layer for the RIE step, protecting the micro-strip transmission line from being etched. Finally,
the AIN film, which is not protected by the top electrode, is stripped by wet etching in a MIF
300-47 developer. A SEM image of the fully fabricated device can be seen in fig. 3.23a and a
SEM image of a resonator is shown in fig. 3.23b.
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Figure 3.24: Measured transmission for a 10 nm thick AIN dielectric layer deposited at a temperature of 36 °C at a
sputter rate of 0.09 nm/s.

3.5.4 Resonator Characterization

The film resistivity and critical temperature was determined by using on-chip bridges for DC
characterization in a four-point measurement. The NbN-films have a py of 260 + 10 uQ2 cm and
a critical temperature of 12.4 + 0.2 K. From the resistivity the kinetic inductance calculates
to 100 + 5 pH per square using eq. (3.9), eq. (3.10) and eq. (3.11)).

The resonance frequencies of the resonators were characterized for all samples at a temperature
of 4.2 K by measuring the transmission characteristics (|S,,|) using a network analyzer at a
power of —27 dBm in the frequency range from 0.1 to 7 GHz. The resulting [S,,| is shown
for a sample with an AIN thickness of 10 nm deposited at a deposition rate of 0.09 nm/s at
a temperature of 36 °C in fig. 3.24. All five resonance dips are clearly visible. At 6 GHz
some calibration artifacts are visible: the calibration was done at room temperature and not
at measurement temperature. The resonance frequencies are read out at the minimum of
the resonance dips. The dips can be assigned to the corresponding resonators by assigning
the lowest resonance (1) to the resonator with the largest capacitors and so on. For the
sample shown, the extracted resonance frequencies are in ascending order: fy; = 1.30 GHz,
fo, = 1.88GHz, fy3 = 2.73GHz, fy4 = 3.73GHz and fys = 4.98 GHz. In relation to
Jo.1, the resonance frequencies are fo2 = 1.45- fo.1, fo3 = 2.1 fo.1, foa = 2.87 - fo.1 and
Jo.s = 3.83 - fo.1. In comparison to the designed frequency spacing, the resonances shift
toward higher frequencies for resonators at higher resonance frequencies. This is caused by a
not fully symmetric placement of the top electrode, which increases the area of one capacitor
and decreases the area of the other capacitor for a pair of corresponding capacitors. Hence, the
effective capacity is decreased in comparison to a symmetric capacitor pair. This issue was
solved by a measuring the area of the capacitors using an optical microscope and calculating
the effective area of the "combined" capacitor. The effective capacity for each resonator was
extracted out of the resonance frequency using eq. (3.15). The thickness of the AIN dielectric
was measured with a profilometer at the thickness measurement stripes (fig. 3.21c). The
relative permittivity &, was calculated out of the thickness, the area of capacitors and the
measured capacity.
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Figure 3.25: Frequency dependence of the &,-. The data stems from 5 samples with 5 resonators each and a thickness
of the AIN dielectric from 8 to 25 nm. The dashed line is to guide the eye.
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Figure 3.26: Influence of the AIN thickness on relative permittivity (a) and dissipation factor (b). Each point
corresponds to one fabricated sample and is an average for the 5 resonators. The error bars indicate
the spread of extracted values of £, and tan 6 for the investigated resonators. Films fabricated at a low
temperature are indicated with blue and at high temperature with red symbols. Films indicated with
open symbols were deposited at a rate of 0.04 nm/s and filled symbols with 0.09 nm/s.

The frequency dependence of ¢, for all characterized resonators with an AIN dielectric
deposited at a deposition rate of 0.09 nm/s at a temperature of 36 °C is shown in fig. 3.25. The
figure includes the &, of all 5 resonators for 5 samples with a thickness of the AIN dielectric
from 8 to 25nm (see fig. 3.26). The &, remains almost constant at 9.9 + 0.3 with a slight
decrease towards higher frequencies.

The dependence of & and tan¢ on the thickness of the AIN and on different deposition
conditions is shown in fig. 3.26. Each data point is averaged for the 5-resonators of each
sample. No thickness dependence of the &, for samples deposited with identical deposition
conditions can be seen. The deposition conditions of AIN significantly influence the dielectric
properties of the AIN. Films deposited at a low temperature and a deposition rate of 0.09 nm/s
have a &, of 9.9 + 0.3. This value is in good agreement with literature values of &, for AIN
grown in a wurtzite lattice: &, = 10.31 [199], &, = 10.5 [200]. For a deposition rate of
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0.04nm/s, the &, decreases to 8.8. An increase in the deposition temperature to 600 °C
decreases the ¢, to 7.8. A &, = 6.1 was measured for roly = 0.09nm/s at a deposition
temperature of 600 °C. However, the very small thickness of the AIN dielectric may have
influenced the result in this case, since the dielectric has to bridge a 6 nm thick step from the
lower NbN electrode to the substrate in between both capacitors (fig. 3.20a). With a thickness
of 6.4 nm for the AIN dielectric, the excess thickness is only 0.4 nm which may be to thin too
reliably isolate. The strong dependence on deposition conditions indicates a strong influence
of the AIN crystalline structure on &,. The dissipation factor tan § is in the range of 0.005 for
most films. However, there is a strong deviation between samples. In addition, the spread of
values for tan ¢ for the different resonators on the same sample is significant. This value is in
good agreement with the tan 6 = 0.003 for sputtered films found by [200]. Samples deposited
at a lower deposition rate are on the lower end of the measured losses for all films. A strong
outlier is the sample with an AIN thickness of 14.4 nm. In addition, this sample has a strong
spread for measured values of the individual resonators. This indicates fabrication issues with
this sample. One has to note that the design was not optimized for the characterization of
losses. The neglected losses due to edge effects or losses in the NbN top electrode may have
influenced the results. Since parasitic losses were not excluded, the measured loss values
should not be seen as actual loss values for the deposited AIN, but as an upper boarder: the
losses in the AIN itself are expected to be lower.

3.5.5 High-Pass Filter

To proof the compatibility of the fabricated AIN as a dielectric for a capacitor in the high-pass
path of an integrated bias tee, a high-pass filter based on a coplanar layout was designed,
simulated and characterized. Since the pulse of a SNSPD has a quite broad frequency
spectrum with a maximal power density between 50 MHz and 1 GHz [191], the high-pass
filter should have a cut off frequency as low as possible and be of compact size. Furthermore,
the design should be reliable to fabricate. The NbN film was chosen to exhibit a thickness
of 6nm to enable a later detector integration along with the high-pass filter. The coplanar
transmission line was designed to be matched to an impedance of 50 Q as used for the readout.
To obtain an impedance of 50 Q the inner conductor of the coplanar transmission line has a
width of 350 um and a gap to the ground plane of 155 nm. Towards the sides of the chip a
linear taper increases the width of the inner conductor to 500 um and the width of the gap
to 195 ym to maintain the impedance over the full length and to allow the use of standard
SMA connectors. The size of the capacitor for the high-pass filter on-chip was chosen to
a maximum size of 350 pm X 500 um, which corresponds to the size of contact pads for the
SNSPDs on GaAs used in later chapters. The capacitor is placed above a gap of 50 um in the
inner conductor of the coplanar transmission line in a two capacitor design (fig. 3.27a). The
width of the capacitors corresponds to the width of the inner conductor and has an area of
350 um x 235 um. The thickness of the AIN dielectric was chosen to be 20 nm to ensure good
isolation properties. The top electrode has a thickness of 200 um and is made of NbN. The
sample was fabricated using the same steps as for the resonator fabrication with an adapted
design. The design was simulated using the Sonnet EM simulation software with a ¢, = 9.8
and atan ¢ = 0.003 for the AIN dielectric and a sheet kinetic inductance of 100 + 5 pH for the
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Figure 3.27: (a) Design of the high-pass filter from the top (top) and the cross-section of the capacitors from the
side (bottom). The NbN base layer is shown in blue, the AIN dielectric is shown in green and the top
electrode is shown in red. (b) Comparison of the measured and the simulated frequency dependence of
the high-pass filter.

NbN film. The top electrode was simulated as lossless metal as the kinetic inductance of the
top layer is significantly lower than the inductance of the bottom layer due to its significant
larger thickness. Out of the simulation results shown in red in fig. 3.27b, a design cutoff
frequency of 14.6 MHz for the high-pass filter can be extracted. At ~4.1 GHz a dip is visible
that limits the effective 3 dB bandwidth of the high-pass filter to ~4 GHz which would be
sufficient for the use for a SNSPD readout.

The transmission of the high-pass filter was characterized at 4.2 K in a range spanning from
3MHz to 10 GHz. The measured high-pass filter characteristic fits well with the expected
characteristic from the simulation. The cutoff frequency is measured to be 12.9 MHz. The
measured 3 dB bandwidth is 5.6 GHz. The good agreement of the simulation with the
measured results show that the AIN film can be fabricated with deterministic properties and
can be used as a dielectric for on-chip high-frequency integrated circuits.

3.6 Summary

In this chapter, the deposition of thin NbN films with AIN buffer layers was investigated. The
optimal deposition temperature was found to be limited by the annealing temperature used
for integrated QDs to prevent QD degradation and not by a decreasing NbN film quality. By
a careful optimization of deposition parameters a Tc of 12.1K, a A7¢ of 1.1 K and a RRR
of 0.9 was achieved for a 5.5 nm thick NbN film on GaAs, in combination with a 12nm
thick AIN buffer layer. This is an improvement of 7¢ by ~3 K in comparison to NbN films
deposited directly on GaAs during this thesis and in comparison to previously reported 7¢
values for thin NbN films on GaAs (8.2K [81]; 8.7K [80]; 9.4 K [189] all values were
adapted to the 0.1 % p,, criterion used for the determination of 7¢ during this thesis). Optimal
parameters for the deposition of the AIN buffer layer were developed in order to improve the
NbN film quality. Already a 2.5 nm thin AIN buffer layer significantly improves the quality

64



3.6 Summary

of the NbN film. The optimal thickness for the AIN buffer layer was found to be 12nm. At
this thickness, AIN acts as an efficient diffusion barrier for oxides and arsenic. For larger
thicknesses, an increase in the surface roughness of the AIN decreased the quality of the NbN
film. Nevertheless, it was found that a NbN film grown on a 100 nm thick AIN film still has
aTc = 10.9K, which is sufficient for a SNSPD operating at 4.2 K. This would allow the use
of a NbN SNSPD on a sputtered AIN photonic integrated circuit [201] deposited with the
optimal deposition parameters developed in this chapter. The investigation of the &, and tan 0
suggests a wurtzite growth of sputtered AIN films. At room temperature sputtered AIN films
exhibita g, = 9.9 £ 0.3 and tan § < 0.005. The usability of the deposited AIN as a dielectric
for on-chip high frequency integrated circuits was demonstrated by the on-chip integration of
a high pass filter with a 3 dB bandwidth of 5.6 GHz.
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4 NbN-Based SNSPD with AIN Buffer Layer
for GaAs Waveguide Integration

For fully integrated GaAs photonic circuits, high-quality detectors are needed with an high
DE for the wavelength of integrated QDs. In the previous chapter, the quality of thin NbN
films grown on GaAs was significantly improved towards a higher 7¢, Ic and RRR by the
use of an AIN buffer layer. To examine if the modified film properties are beneficial to
improve the properties of a SNSPD, NbN SNSPDs on GaAs were fabricated out of NbN films
with and without AIN buffer layer and investigated regarding their detection properties. This
investigation is necessary since a maximization of superconducting characteristics does not
necessarily correspond to better detection properties. A SNSPD design was developed suitable
for the direct integration into a GaAs waveguide-based photonic chip. Results presented
in this chapter are published in part in IEEE Transactions on Applied Superconductivity
under the title "AIN-Buffered Superconducting NbN Nanowire Single-Photon Detector on
GaAs" [SIS17]. In this chapter, the detector design is introduced and the fabrication and
pattering is described. The used fiber-coupled optical measurement setup is introduced.
SNSPDs are characterized regarding their superconducting and optical properties and their
usability for photonic integration is evaluated.

4.1 Detector Design

The detector was designed so that it can be integrated into an optical waveguide (WG) after
a WG taper (see section 2.3.8 in chapter 2) that increases the width of the WG to 10 um.

PN

L

2 um
—

Figure 4.1: Design of the studied double-spiral SNSPD. The NbN is shown in blue and the substrate in gray. The

current flow in and out of the detector is indicated by light blue arrows. Yellow arrows indicate the current
splitting into the ground plane of the RF coplanar WG at the end of the nanowire.
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Figure 4.2: (a) RF coplanar waveguide with taper to readout and bias the SNSPD, the substrate is shown in gray and
the NbN in blue. (b) Coplanar test design to test the RF properties of the taper. The ports are indicated
with P1 and P2. (c) Transmission loss measured for the test design shown in (b). The data was smoothed
using FFT filtering to remove standing waves in the feed lines.

To reduce current crowding and enhance the critical current and the corresponding detection
efficiency, a double-spiral design was chosen [161]. The spiral design is insensitive to linear
polarization, hence the TE as well as the TM mode on WG have the same absorption efficiency.
The spiral consists of two, archimedian spirals running in parallel that are connected in the
middle (fig. 4.1). The detector was designed to a total diameter of 7.6 um to fill out the
available space on the taper. In the middle of the detector, two 3/4 circles increase the radius
of the inner bend to » = 150 nm in order to reduce current crowding. At the end of the
nanowire, the current is split into the ground planes of the RF-readout line. To the side,
additional spiral segments are added to reduce the influence of the proximity effect during
electron beam lithography on the actual spiral. With a width of 120 nm for the nanowire and
a gap of 80 nm between wires, the total length of the detector is 218 nm. The thickness was
designed to 5 nm.

The detector is connected to a NbN coplanar radio-frequency waveguide (RF-WG) with a
thickness of the SNSPD. The RF-WG consists of a linear taper and a short RF-WG section to
electrically contact the detector for biasing and readout of the detector pulse (fig. 4.2a). The
coplanar taper was designed to be matched to the impedance of the readout chain of 50 Q2. The
taper starts at the detector with a width of the inner conductor of 2 um and a gap of 1.3 um with
a wave impedance of 70 Q and is linearly broadened to a width of 340 um with a gap of 66 um
with a wave impedance of 50 Q. The RF-WG and taper were characterized in a transmission
measurement. To obtain an upper limit of the attenuation of the on-chip RF-WG, a design was
developed to characterize the taper in a transmission measurement (fig. 4.2b). The designed
taper was placed two times in the middle of the chip, with the small width sides facing each
other. Behind taper an additional coplanar RF-WG was placed to allow the electrical contact
of the inner tapers in a 10 mm X 10 mm sized sample holder. Towards the ends of the RF-
WG, additional tapers increase the width of the inner conductor to a width of 500 um whilst
maintaining an impedance of 50 Q. The width of 500 um of the inner conductor at the end
allows the direct placement of SMA-connectors on the coplanar line for electrical contact.
The characterization was done using a network analyzer in a frequency range from 50 MHz to
3 GHz (fig. 4.2¢c) at a temperature of 4.2 K. Since the measured transmission (|S,,|) contains
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Figure 4.3: Fabrication steps for a spiral SNSPD on GaAs with AIN buffer layer.

two tapers and a longer coplanar contact line, the upper limit for the attenuation of a single
taper can be estimated by |S,,|/2. The upper limit for the transmission loss in a single taper
is =0.05 dB from 50 to 500 MHz, which increases to ~0.8 dB in the range from 1.5 to 3 GHz.

4.2 SNSPD Fabrication

The detector fabrication and pattering was done in a four step process. In a first step, AIN
and NbN is deposited (fig. 4.3a). 10 nm of AIN is deposited onto a bare GaAs(100)-substrate
using the previously developed sputter deposition process (chapter 3). The NbN film is
sputtered to a thickness of 5 nm on top of the buffered substrate and on top of a second bare
GaAs(100) substrate in the same deposition run to ensure identical deposition parameters for
both substrates. In the second step, alignment marks and contact pads are fabricated (fig. 4.3b).
The alignment marks consist of gold crosses and were used to accurately adjust the position
and rotation of all consecutive lithography steps to each other. Gold was used since it has
a high electron contrast to NbN and GaAs and can be used for automatic alignment by the
electron beam lithography (EBL) system. For the electron beam lithography a 160 nm thick
PMMA 950K electron beam resist was used. PMMA stands for poly(methyl methacrylate)
and is a positive tone electron beam resist. 950K hereby stands for the molar mass of the
polymer chains in the resist. After development of the resist, a 10 nm thick Nb adhesion layer
followed by 30 nm of gold is sputtered. Afterward, the gold and Nb is lifted in unwanted areas
by removal of the resist using acetone. The detector is patterned in a third process step using
EBL with a 70 nm thick PMMA 950K resist. After development and prior to etching, the
resist was hardened by the exposure of a 8§ um X 8 um square on top of the detector using EBL.
This post exposure process ensures a smoother resist profile and reduces the edge roughness,
leading to a smaller number of defects in the final device. The detector is structured out of the
NbN film using reactive ion etching (RIE) in a SFg and O, atmosphere (fig. 4.3c). AIN and
GaAs are not attacked by SFg and O, in a reactive process and act as natural stopper layers and
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Figure 4.4: SEM image of a fully patterned double spiral SNSPD. The AIN op top of the GaAs substrate is visible in
light gray and the NbN is visible in dark grey. Arrows indicate the direction of the current flow.

consequently, underlying WG-structures should not be influenced by the patterning process.
In a final process step, the coplanar RF-WG is structured using electron beam lithography
and RIE. A SEM image of a detector after fabrication can be seen in fig. 4.4. The fabricated
SNSPDs have a thicknesses of 5 nm, nanowire widths of 120 nm, a gap sizes between wires
of 80 nm and lengths of 218 um.

4.3 Experimental Setup

The SNSPD properties were characterized in two separate setups. The transport properties
were investigated using a simple four probe dipstick setup in a liquid helium dewar. The
temperature is measured using a Si-diode temperature sensor with an accuracy of +0.5K
placed at the detector position. The helium gas in the Dewar naturally develops a temperature
gradient, from room temperature down to the 4.2 K of the liquid helium. The temperature
during measurement can be adjusted by changing the sample position in the gas. This allows
the characterization of the detectors resistivity from 4.2 to 300 K. The resistance was measured
as a function of the temperature during cooling down. Current-voltage dependencies were
recorded at a temperature of 4.2 K.

The optical properties were studied in a vacuum-dipstick cryostat with fiber optical access.
The principle of the full setup can be seen in fig. 4.5. A detailed description of the cryostat can
be found in chapter 3 of [191]. The detector is glued to a copper sample holder with conducing
silver adhesive. The sample holder has two rings of copper-beryllium springs that touch the
thermal shield to ensure a good thermal connection. The dipstick is placed into a liquid helium
Dewar to keep the detector at 4.2 K during optical characterization. Inside the dipstick, the
detector connects electrically to a low temperature bias tee made from distributed elements.
The detector is biased through the DC side and the detector output pulses are split to the RF
side of the bias tee. The DC side is connected to a room-temperature low-noise battery driven
bias source. The RF side is connected to a semi-rigid RF coaxial cable with an impedance
of 50Q. The pulses are amplified by three cascaded room temperature amplifiers with a
total amplification of 57 dB, a bandwidth of 2.9 GHz and low-frequency cutoff of 50 MHz.
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Figure 4.5: Principle diagram of the fiber-coupled optical setup for SNSPD characterization.

The first amplifier in the chain is a Mini Circuits ZX60-P103LN+ with a noise figure of 0.6,
followed by two Mini Circuit ZFL-2500VH amplifiers. The optical signal travels through a
multi-mode fiber with a core diameter of 105 um, which ends approximately 3.5 mm above the
detector and illuminates the detector perpendicular to the substrate plane from the top. Due
to the core diameter and the distance of the fiber end to the detector, the diameter of the light
spot is approximately 1.5 mm at the detector plane. The position of the spot can be aligned to
the detector with the help of two micrometer screws. For detector characterization, the spot
is adjusted for the maximal count rate on the SNSPD. Three different light sources were used
for optical characterization. The first light source is a LED light source with a wavelength
of 385nm. The second is a halogen light source in combination with a monochromator,
which allows for spectral characterization in the range from 400 to 1700 nm. The spectral
bandwidth of the used monochromator settings is 10 nm from 400 to 1050 nm and 20 nm from
1050 to 1700 nm. The third available light source is an erbium-fiber-based fs-laser (C-Fiber,
Menlo Systems) with a wavelength of 4 = 1550 nm, a repetition rate of 100 MHz and a pulse
length below 150 fs, which is used to investigate the timing jitter of the detectors. Prior to
detector characterization, the system is calibrated at room temperature. The input power of all
used photon sources is measured with a calibrated photo diode at the detector position. The
intensity distribution at the detector position is recorded using a CCD chip. From the known
intensity distribution and the known power, the photon flux on the detector area is calculated.
Detector pulses are counted by a Stanford Research Systems SR620 counting electronics with
an internal bandwidth of 300 MHz and can be directly recorded using an Agilent Infiniium
90000 X-Series real time oscilloscope with a bandwidth of 32 GHz and a sample rate of
80GS/s.
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Figure 4.6: Comparison of the superconducting properties for the SNSPD with (red) and without (black) AIN buffer
layer. (a) Resistance-temperature dependence; (b) Voltage-current dependence. At voltages above 2.5V,
the used analog-digital converter of the measurement system is saturated and a constant voltage in
dependence of the current is visible in the data.

4.4 Electrical and Optical Characterization

SNSPDs on AIN and directly on GaAs were evaluated by characterizing their superconducting
and optical properties.

The SNSPDs were patterned out of NbN films with a Tc = 9K (7¢ = 10.3 K with AIN buffer
layer) and a p,, = 278 uQcm (p, = 177 uQ cm). The resistance-temperature dependence of
both detectors is shown in fig. 4.6a. With 620kQ, the measured resistivity for the SNSPD
directly on GaAs is lower than estimated when calculated with the p, of the film (=1 MQ),
whilst the resistivity of the buffered SNSPD is very close to the estimated value of 590 kQ
measured in comparison to an estimated 641 kQ. This difference can be explained by a resistive
shunting effect of the SNSPD by the substrate, which is omitted by the isolating AIN layer.
Out of the superconducting transition, a 7¢ of 8.7 K can be extracted for the SNSPD on GaAs
and of 9.3 K for the buffered SNSPD. The I¢ (fig. 4.6b) for SNSPDs is significantly enhanced
by the AIN layer. At a temperature of 4.2 K, the Ic is increased from 8.8 uA to 16.5 pA by the
presence of the buffer layer with an identical /. of 3.8 uA. Using /; in combination with the
measured p, of the films, the thermal coupling coefficient B can be estimated (see eq. (3.2) in
section 3.2). With B = 3560 W K*/m? the thermal coupling is significantly stronger for the
NbBN film on a bare substrate (1290 W K* /m? for the buffered film).

The output pulses of the detectors with and without buffer layer are shown in fig. 4.7 for
Iz = 0.91c. Due to the higher critical current of the buffered detector, the pulse height is
significantly higher at a comparable noise level which results in a higher signal compared to
the electrical noise.

The dependence of the detection efficiency (DE) and dark count rate (DCR) on the relative
bias current, Ig/Ic is shown in fig. 4.8a. The DCR for the buffered detector is three orders
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Figure 4.7: Response pulses of the SNSPD with (red) and without (black) AIN buffer layer.
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Figure 4.8: Influence of an AIN buffer layer on the DE, DCR (a) and timing jitter (b). The detector without buffer layer
is shown in open symbols, the detector with buffer layer in closed symbols. (a) The DE at 2 = 385 nm is
shown in blue triangles, at 900 nm in red dots and dark counts are shown in black. The dashed line, is an
exponential fit to the DCR of the non-buffered detector above 0.85I¢. (b) The timing histogram of the
detector without buffer layer is shown in black and the detector with buffer layer in red. The dashed lines
are Gaussian fits to the data. ©2017 IEEE [SIS17]
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of magnitude lower than the DCR for the non-buffered detector. Furthermore, a significant
amount of electrical noise can be seen for the non-buffered SNSPD below a bias current of
0.851¢. To separate electrical noise from intrinsic dark counts, the DCR at a high bias current
above 0.851¢ was fitted by an exponential fit. This can be done as intrinsic dark counts have
an exponential dependence on the bias current [146] and are several orders of magnitudes
higher than dark counts caused by electrical noise at /g — Ic. The higher electrical noise
for the non-buffered SNSPD is caused by a lower trigger level of the pulse counter during
measurement. The trigger level was just above electronic noise level since the non-buffered
detector has a lower height of the output pulse (fig. 4.7). For 4 = 385nm the DE for the
buffered detector starts to level out at bias currents above 0.751¢. It is not saturated and further
increases from DE = 19 % at 0.75I¢ to DE = 31 % at 0.9/c. The further increase in DE may
be caused by imperfections in the detector. The edge of the nanowire is not perfectly smooth
but rather has a roughness of ~5nm and, consequently, a local variation of the wire-width.
This causes a local change of the current density in the nanowire. Some parts of the nanowire
are sufficiently biased, while others are under biased. By increasing the bias current, a larger
portion of the nanowire operates in the deterministic detection regime and the effective area
of the detector with an optimal efficiency increases and the DE increases further. At a bias
current of 0.91¢, the DE of the buffered detector is six times higher than for the non-buffered
SNSPD on GaAs. At A = 900 nm no saturation for both detectors is visible, nevertheless, the
DE for the buffered detector is one order of magnitude higher. The increase of the DE can
be explained by a better quality of the NbN film due to the buffer layer. At Iz > 0.97I¢ the
buffered detector starts to latch, which was not observed for the detector without AIN. The
latching may be explained by the lower thermal coupling of the NbN to the substrate. The
system timing jitter seen in fig. 4.8b was characterized at a 4 = 1550 nm using pulsed-laser
light with a pulses length < 150fs at a bias level of 0.91c. The jitter was determined using
the laser trigger as a time reference. The system jitters for both types of detectors follow a
Gaussian distribution. The FWHM jitter extracted out of the Gaussian is 72 ps for the AIN
buffered and 108 ps for the reference detector. The timing jitter of the SNSPD is reduced by
the buffer layer by 36 ps. This can be explained by a lower influence of noise on the jitter of
the buffered detector: since the pulses are higher, the relative influence of noise on the jitter
is lower [202].

The spectral dependence of the DE from A = 400 to 1700nm at Iz = 0.91¢ is shown in
fig. 49a. In direct comparison, a higher detection efficiency for the buffered detector is
observed. With decreasing photon energy DE also decreases. Between 8§10 nm and 840 nm
an increase in the DE by a factor of two is visible for both detectors. This increase in detection
efficiency is connected to the direct bandgap of GaAs of 1.519¢eV [203] at the operation
temperature of 4.2 K. This corresponds to a wavelength of 8§17.3 nm which fits well with the
observed A of the observed jump in DE: at shorter A, the energy of the incoming photons
is greater than the bandgap and photons are absorbed by the generation of electron-hole
pairs in the semiconductor. For longer wavelengths, the photon energy is too low to excite
band transitions and the substrate gets transparent. Consequently, photons pass through the
substrate and are reflected at the substrate sample-holder interface. Reflected photons can be
absorbed by the detector and the absorption efficiency (ABS) increases, which is observed
by the rise of the DE. For short wavelengths, a flattening of the DE can be seen on the
buffered detector, indicating that the detector is close to the deterministic detection regime
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Figure 4.9: Spectral dependence of the DE for the investigated detectors. The solid lines in (b) are a fit to the spectral
dependence to extract the cutoff wavelength. [SIS17]

for large bias currents. No flattening can be seen in the investigated range of A for the non-
buffered SNSPD. In comparison this shows that the Ac is reached for longer wavelengths on
the buffered SNSPD. However, the deterministic regime is not fully reached as it is seen in
the bias-dependent measurement (fig. 4.8a). The DE decreases exponentially towards longer
wavelengths. The non-buffered SNSPD, on the other hand, shows a non-exponential behavior
of the DE towards longer wavelengths. This indicates inhomogeneities inside the detector:
constrictions have a higher local current density and remain sensitive for longer wavelengths,
whereas most parts of the nanowire are no longer sensitive.

Since the absorption efficiency of the SNSPD for WG illumination is different from the
absorption efficiency for top illumination (section 2.3.1), the measured DE cannot be directly
transferred to a DE on a WG. To evaluate the general performance, the cutoff wavelength Ac is
extracted at 0.5 - DEjjateau. To extract Ac, the DE(A)s at different bias levels were normalized
on the DE(A) at 0.95/¢. The normalization removes the influence of the setup and the substrate
transparency on the efficiency and allows an accurate investigation of the DE at different bias
currents in relation to each other. The normalized wavelength dependencies were fitted by an
empirical spectral dependence of the DE of SNSPDs [179]:

DE, 1+

_— = s 4.1
DE, 1+ (/IACZ)PZ SR

where DE; and Ac; are at the respective DE and A¢ at the bias level to which fig. 4.9b was
normalized to. DE, and A¢; are the DE and Ac at the displayed bias level. p describes the
power-law dependence of the IDE in the infrared range (details can be found in [179]). The
non-exponential dependence of the DE of the non-buffered detector on A4, makes it impossible
to get a good agreement of the fit to the data, so only the cutoff for the buffered detector was
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Table 4.1: Extracted cutoff wavelengths for a SNSPD with AIN buffer layer at different bias currents.

Ig/lc 0.95 0.90 0.85 0.8 0.75
Ac (nm) | 796 640 537 455 396

extracted. The fit is displayed in fig. 4.9b as a solid line. The extracted cutoff wavelengths are
shown in table 4.1.

At Iz = .95 Ic, Ac = 796 nm is reached. This is close but nevertheless not enough to be in
the deterministic detection regime for the QD wavelength of 900 nm. To reach a cutoff of
900 nm, additional optimizations of the detector are necessary.

4.5 Summary

In this chapter, a double-spiral SNSPD was successfully demonstrated in a design suitable for
the integration onto a single-mode WG by utilizing a taper structure. SNSPDs were patternd
from NbN with and without AIN. By using the buffer layer the 7¢ was enhanced from 8.7 K
to 9.3 K and the critical current was increased from 8.8 pA to 16.5 pA. However, the thermal
coupling was lower, which is in good agreement with previous observations (section 3.3.3 of
chapter 3). The higher Ic of the buffered detector led to a higher pulse height and a better
separation from electric noise. Several improved parameters for the buffered SNSPD were
observed under optical excitation in comparison to the non-buffered SNSDP: The DCR was
reduced by three orders of magnitude. The DE was improved over the characterized spectral
range from 400 to 1700 nm. At a wavelength of 900 nm, the improvement of the DE is in
the order of one magnitude. At an /g of 0.9/c and a wavelength of 900 nm (385 nm), a DE
of 5% (31 %) was measured for the buffered SNSPD in comparison to a DE of 0.3 % (5 %)
for the non-buffered SNSPD. Since higher pulses reduce the noise contribution to the jitter,
the system timing jitter is reduced by 36 ps to 72 ps by the use of the buffer layer. A latching
of the buffered detector was observed, whilst no latching was present without buffer layer.
The higher latching sensitivity may be caused by the observed weakened thermal coupling
of the NbN to the substrate for the buffered samples. For the buffered SNSPD, the cutoff
wavelength is shifted towards a longer wavelength and a cutoff wavelength of 796 nm was
reached for a Iy = 0.951¢, which is close to the desired Ac of 900 nm for the targeted photonic
integrated-circuit. However, further optimization is necessary to push the detector into the
deterministic regime for a wavelength of 900 nm. In conclusion, the used buffer layer proved
effective to increase the performance of a NbN SNSPD on GaAs.
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5 SNSPD with Variable Thickness to
Minimize the Current-Crowding Effect

The presence of bends with small bending radiik in a superconducting nanowire leads to the
presence of a localized high current density region on the inside of the bend [159]. This
reduces the critical current of the nanowire and therefore limits the detection efficiency of a
SNSPD [143]. In addition, the increased critical current in the bend reduces the entry barrier
for thermally activated vortices which are understood as the predominant reason for dark
counts [142]. During this thesis, spiral-type detectors were used in chapter 4 and chapter 7
to minimize the current-crowding effect [178] [158]. However, for a PNR detector shown in
chapter 6 and for a standard single-loop designs (see section 2.3.8 in chapter 2) for photonic
integrated-circuits, a spiral design is not feasible. Furthermore, a meander design has some
additional benefits: the resulting detector is sensitive to linear polarization [135], which allows
the characterization of the polarization of a light source and enables effective optical coupling
of photons to the detector by coupling along its polarization axis. In this chapter, the potential
of using a variable thickness design for a SNSPD to reduce the current-crowding effect was
studied. SNSPDs were designed and fabricated with nanowires in a standard thickness for
SNSPD and thick edges. As a control group SNSPDs were fabricated with uniform thickness
and an identical nanowire design. The detectors were studied and compared regarding their
superconducting and optical properties. Fabrication and experiments presented in this chapter
were done with the support of Michael G. W. Miiller [Miil18].

5.1 Current-Density Distribution and Vortex Entry Barrier

So far SNSPD have only been investigated in a designs with uniform thickness. However,
the current-crowding effect (see section 2.3.7 in chapter 2) in bends may be removed as a
limiting factor for the critical current by adapting the thickness of the SNSPD. The current
density in the bends should be reduced by an increase in the bend’s thickness in respect to the
thickness of the nanowire. If the current density in bends is sufficiently reduced whilst the
current-crowding effect is still present, the critical current in the bends remains higher than
the critical current of the nanowires and the nanowire can still be efficiently biased. Due to
a decrease in the current density, thick bends should have an increased vortex entry barrier,
which should decrease the number of dark counts.

A simulated current density and vortex entry barrier distribution for a SNSPD with uniform
thickness (U-SNSPD) and for a SNSPD with variable thickness (V-SNSPD) is shown in
fig. 5.1. The simulation was done by Saman Jahani, from the California Institute of Technol-
ogy, for a nanowire width of 100 nm and a bend radius of 25nm at /g = 0.7Ic. The thick
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Figure 5.1: Simulated current density (a),(b) and vortex entry barrier (c),(d) for bends with a uniform thickness (a),(c)
and with a varying thickness (b),(d). Figure courtesy of Saman Jahani, from the California Institute of
Technology.

bends for the V-SNSPD in the simulation are twice as thick as the thin nanowires and the
U-SNSPD. In a standard thin bend, the current density inside the bend is increased by a factor
of 1.5 (fig. 5.1(a)). This leads to a significant decrease of the vortex entry barrier (fig. 5.1(c)).
In comparison, the current density in the thicker bends is significantly decreased (fig. 5.1(b))
and remains smaller than the current density of the nanowire. As a consequence, the vortex
entry barrier in the thick bend is significantly increased in comparison to the thin bend and is
even higher than the vortex entry barrier in the straight nanowire sections (fig. 5.1(d)). This
suggests that the V-SNSPD has a higher Ic and can be biased closer to Igep at a higher satu-
ration level, which increases A¢ and a lowers the amount of dark counts in comparison to the
U-SNSPD. To investigate this effect in real devices, corresponding detectors were designed
and fabricated.

5.2 Design and Fabrication of Detectors with Variable
Thickness

Detectors were designed in a meander design and fabricated using two different fabrication
processes, process A and process B. To provide best comparability, U- and V-SNSPDs are
made with an identical layout and differ only in the bend thickness and the thickness of the
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Figure 5.2: Overview drawing of the full chip design. Black arrows visualize the current flow.

nanowires close to the bend. For each sample, a pair of one U- and one V-SNSPDs was
implemented, at a distance of 50 um to each other (fig. 5.2). The close placement allows
the exclusion of local influences during fabrication and allows the characterization of both
SNSPDs in a single cooling cycle. Both detectors share the same ground plane with an
individual coplanar line for readout and biasing for each detector. The resulting current flow
is visualized by black arrows. The detectors consist of 19 straight wires with a length of
6 um and a thickness of ~5nm that are connected by bends that complete 180° turns. The
thickness of the bends of the V-SNSPD is ~#12nm and the bends in the U-SNSPD have
the same thickness as the nanowire. The meander design was chosen because the current-
crowding effect is stronger for sharper turns and, in return, the potential improvement is
larger. Detectors fabricated in process A have a design width of 100 nm and those in process
B a width of 80nm. The gap between wires is 60nm. Next to the SNSPDs, additional
dummy nanowires were added to ensure a homogenous width for all wires in the active area
after fabrication. Wires without adjacent wires are smaller due to a lower influence of the
proximity effect during lithography. In addition, the etching rate of areas differs from the
etching rate of gaps which would introduce additional inhomogeneities. To reduce positioning
errors between the different patterning steps and to allow a uniform distribution of the current
after the thickness change, the thickness of nanowire for the adjacent 500 nm to the bend
for V-SNSPD is increased to the bends’ thickness. The bend itself has a width of 500 nm,
which is significantly larger than the nanowire width to ensure no influence of the outer radius
of the bend on Ic. NbN was chosen as detector material since it allows the operation and
characterization of SNSPDs at 4.2 K. R-plane sapphire was chosen as a substrate: it has a
good lattice matching to NbN, no native oxides and a high mechanical, chemical and thermal
stability. This eases the fabrication of high-quality NbN films. The detectors are connected
on-chip to RF-coplanar WGs for biasing and readout. In process A, the RF-WG is thinned
alongside the nanowire thinning step and has a thickness of ~5 nm. In process B, the RF-WG
is not thinned and has the thickness of the initial NbN film (=12 nm).

The SNSPD fabrication can be divided into four steps (fig. 5.3): I) film deposition; II)
protection of edges and thinning; III) SNSPD patterning and etching; IV) fabrication of
RF-coplanar WGs. The SNSPDs that were fabricated using process A were fabricated in
the order I)—=IIl)—II)—IV) and the SNSPDs fabricated in process B in the process order
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Figure 5.3: Illustration of fabrication steps of V-SNSPD.

I)—ID)—II)—IV) with slight changes to the process which are explained in the following.
For the electron beam lithography process, PMMA 950 K was used at different levels of
thickness as positive (exposed pattern is removed) and negative (exposed pattern remains)
resist. When electrons hit the PMMA resist, polymer chains in the resist are broken and the
exposed resist gets more soluble for a suitable solvent. In a parallel process, the irradiated
electrons create a cross-linking of the polymer chains which become hard and insoluble. For
a commonly used electron dose during exposure, the polymer breaking predominates and
the exposed structure is removed by the use of a developer. However, when the exposure
dose is significantly increased, the cross-linking predominates [204]. The typical dose for the
negative process is ~100 times higher than the dose needed for the positive process. When
the resist is stripped using acetone after exposure with a dose corresponding to the negative
process, the unexposed resist is removed and the exposed structure remains. The resist left
after the positive process is softer than the resist left after the negative process. The positive
resist has an etching rate in the used Ar* ion-milling process of ~6.4 nm/min. The resist left
after the negative process has a higher contrast [204] and an Ar* ion-milling rate of 2 nm/min.
Due to the significantly higher required dose, the negative process is very slow and only
suitable for the exposure of small areas. In addition, the remaining resist cannot be removed
by a standard solvent. For pattern transfer and thinning, Ar*-milling was used with an etching
rate of 1.7 nm/min for NbN.

In the first step, a 12nm thick NbN film was grown using reactive DC-magnetron sputter
deposition (fig. 5.3a).

Process A: the U- and V-SNSPDs were patterned in a positive EBL process using 70 nm of
PMMA resist (fig. 5.3¢). The pattern was transferred to the NbN film using Ar*-milling. In a
second EBL-process, the bends of the V-SNSPDs were protected by 70 nm of PMMA resist
using a negative EBL process. In a second Ar*-milling step, the full NbN film was thinned to
a thickness of 4.7 nm with an exception of the protected edges (V-SNSPD).

Process B: In a first EBL step (fig. 5.3b), windows were patterned into a positive 180 nm
thick PMMA950K electron beam resist. For U-SNSPDs, the windows are larger than the
detector to thin the full detector including bends. For V-SNSPDs, the windows have a size
corresponding to the active area (straight nanowire sections) of the detector. The NbN film in

80



5.2 Design and Fabrication of Detectors with Variable Thickness

(]

O
SNSPD v\> < SNSPDU
O

20 ym

— 0

Figure 5.4: Overview SEM image of both detectors after etching, before patterning of the readout. Black areas are
NbN, grey areas are sapphire.
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Figure 5.5: SEM images of the V- (a) and U-SNSPD (b) after fabrication with process A. Light gray shows the thick
NbDN film, the slightly darker shade is the thinned out SNSPD and the dark gray the sapphire substrate.
The active area is highlighted in blue.

the patterned windows was thinned to a thickness of 4.3 nm using Ar*-milling. The SNSPDs
were structured on top of the thinned areas using a two step EBL process: the SNSPDs were
patterned in a negative EBL step using 70 nm of resist and the NbN film outside the detector
areas was protected by 180 nm of resist structured in a positive EBL process. The SNSPD
pattern was transferred to the NbN film by another Ar*-milling step (fig. 5.3¢c). A SEM image
of a detector pair after fabrication is shown in fig. 5.4.

In a final EBL and Ar*-milling step for both processes, the coplanar RF-WG for readout and
biasing was structured (fig. 5.3d).

The finished detectors after fabrication with process A are shown in fig. 5.5. In the active area,
the nanowires have a width of 75 + 5nm and a thickness of 4.7 nm with a gap of 85 + 5nm.
This corresponds to a filling factor of 47 %. Close to the bend, the width of the V-SNSPD
is increased to a width of 110 + 5nm. The bends of the V-SNSPDs have a thickness of
12.1 nm. The size of the active areas of the U-SNSPDs is 3 um X 6 um, and 3 um X 5 um for
the V-SNSPDs.
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Figure 5.6: SEM images of the V- (a) and U-SNSPD (b) after fabrication with process B. Light gray shows the thick
NDN film, the slightly darker shade is the thinned out SNSPD and the dark gray the sapphire substrate.
The active area is highlighted in blue.

(a) Single U-SNSPD bend after fabrication with process A (b) Single V-SNSPD bend after fabrication with process A

Figure 5.7: SEM of a single bend after fabrication with process A. The thinning process decreases the width, which
causes a significantly smaller bend radius in the V-SNSPD in comparison to the U-SNSPD.

SEM images of detectors after fabrication with process B are shown in fig. 5.6. The nanowires
have a width of 85 + 5nm and a thickness in the active area of 4.3 nm at a filling factor of
60 %. The bends of the V-SNSPDs have a thickness of 11.7 nm. The size of the active areas
of the U-SNSPDs is 2.6 um X 6 um, and 2.6 um X 5 um for the V-SNSPDs.

The bends after fabrication with process A (fig. 5.7) compared to bends fabricated with process
B (fig. 5.8) reveal significant geometrical differences due to the different order of fabrication
processes and the different use of positive and negative resist. After process A, the bend
is rounded, while the bends after process B consist of two almost perfect 90° turns. The
thinning of the active area after the SNSPD patterning in process A leads to a width reduction
of the nanowire by 35nm. For the V-SNSPD, the protection of bends prevent a nanowire
thinning close to the bend and, consequently, the width reduction effect of the etching. Hence,
an abrupt change in width is visible for the transition from the thinned to the not thinned
region (fig. 5.7b). As a consequence, the bend radius of the U-SNSPD (fig. 5.7b) is ~40 nm
and hence, significantly larger than the bend radius of the V-SNSPD (=25 nm). It follows
that the smaller radius of the bend increases the current crowding while the larger thickness
may reduce the current crowding. This makes an evaluation of the influence of a variable
thickness on the current-crowding effect difficult. The SNSPDs fabricated with process B
are not influenced by this effect since the thinning step is performed prior to the SNSPD
fabrication. The width of the nanowire remains constant, even after the thickness change. The
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Figure 5.8: (a) SEM of detector bends after fabrication with process B. (b) Simulated current distribution for a bend
consisting of two perfect 90° turns. (b) was reprinted with permission from [143]. Copyright 2011 by
the American Physical Society.

almost perfect 90° turns for the process B can be explained by the different usage of a negative
and positive process during fabrication. While the SNSPD in process A was patterned using
positive resist and the bends were protected using negative resist, the opposite was done for
process B: the SNSPD was protected by the negative resist and the bends were protected by
the positive resist. After exposure and development due to the proximity effect in electron
beam lithography [205], the edge profile of the resist is not perfectly vertical but has an inward
(positive-process) or outward (negative-process) slope. The Ar* milling in combination with
a slope cause the resist to slowly be removed from the side during etching. This slow removal
process introduces a slope in the etch profile of the NbN pattern. This slope is smoother for
the positive resist due to the larger etching rate. As a result, the negative process has a higher
resolution. In addition, the transition from the thinned nanowires to the not thinned bends is
smoother when a positive resist is used to protect the edges. In case of the negative resist used
for edge protection in process A, a steeper step exists from the thinned nanowire to the not
thinned edges, which might introduce further current crowding and may lead to an additional
suppression of the critical current in the V-SNSPDs.

The almost perfect 90° turns and the homogeneity in width after process B allow an estimation
of the current-crowding effect using [143]. The reduction of the critical current, R, by the
current-crowding effect in a bend with two perfect 90° (fig. 5.8b) can be calculated as:

R =

2 2W G-

3 (ﬂéc;m/l - <W/a>2)%

where W is the width of the nanowire and ¢ = W + % where g is the width of the gap
(see: fig. 5.8b). Using the measured W = 86 nm and @ = 113 nm and a typical value of the
Ginzburg-Landau coherence length &G for NDN of Snm [131], a R = 0.58 is calculated. Out
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Figure 5.9: Comparison of superconducting characteristics of the V-SNSPD (red) and the U-SNSPD (black) fabricated
in process A. The data shown was measured using detector pair D1-A (table 5.1). (a) Resistance-
temperature dependence for both detectors (squares). For comparison, the red dashed line shows the
R(T) characteristic of the film with its maximal resistance normalized to the maximal resistance of the
V-SNSPD. The blue solid line shows the derivative of the RT-dependence of the V-SNSPD. (b) Current-
voltage characteristic of both detectors at a temperature of 4.2 K. The vertical dependence at +2.5V is
caused by a saturation of the used ADC in the measurement system.

of this R, an improvement of Ic of R™! — 1 = 71 % is expected after fabrication with process
B, if the current crowding is fully removed by the variable thickness approach.

5.3 Superconducting Properties

The superconducting properties of detector pairs were investigated by measuring the R(T)-
dependence and /(V)-dependence. In this section, results from detector pairs fabricated using
process A are discussed, followed by a discussion of detector-pairs fabricated using process
B and a comparison of the results for both detector types.

SNSPDs Fabricated with Process A

The R(T) characteristic of a detector pair fabricated using process A (D1-A) is shown in
fig. 5.9. The U-SNSPD shows a single superconducting transition, while a two step transition
is visible for the V-SNSPD (the derivative of the transition of the V-SNSPD is shown in
blue). Each displayed data point is a average of 10-points, to reduce excessive noise. A
first step at *14.5K with a corresponding increase of the derivative coincides with the
superconducting transition of the 12.1 nm thick, initially grown film and can be contributed
to the superconducting transition of the thick bends. The second step coincides with the
transition of the U-SNSPD and can be contributed to the thin nanowire sections and RF-WG
(4.7 nm). The I(V) characteristic of both SNSPDs is similar, with a higher /¢ for the uniform
detector. In table 5.1 an overview of extracted superconducting parameters for all operating
detector pairs fabricated with process A is given.
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Table 5.1: Superconducting parameters for the SNSPD pairs fabricated in process A. Detectors from one pair are
indicated by the same number, followed up by an U for the uniform and a V for the variable thickness

SNSPD.
GL 1ETO)V)
Sample| Tc ATc Ry 1c(4.2K) 1.(4.2K) Ig-(0K) Jorgo
C

K K kQ HA HA LA
Film-A | 14.7 0.3
DIV-A|11.2 1.9 810 13.4 4.1 40.1
DIU-A|[114 1.4 860 14.8 4.6 43.7 092
D2V-A |11.3 1.4 760 12.8 4.1 38.0
D2U-A|11.3 1.6 820 15.6 4.7 46.4 082
D3V-A|10.8 1.8 940 9.4 3.1 28.5
D3U-A [11.1 1.5 1000 10.8 3.8 32.5 088

The T¢ and ATc of detectors is similar for both types. The thinning step reduces the 7¢ by
~3.5 K. Due to the lower normal resistance of the thick edges, the normal resistance of the
V-SNSPD is 55 + 5kQ lower than the normal resistance of the U-SNSPD. The measured
Ic and I, are lower for the V-SNSPD. Since the detectors have a slightly different 7¢, the
respective Ic were normalized for better comparison by estimating the Ic for 7 +— 0K to
decrease the influence of a variation in 7¢ on the measured /c. The normalization was done by
calculating ICGL(O) using the Ginzburg-Landau temperature dependence of the critical current
in combination with the Kupriyanov-Lukichev correction factor KL(T') [206] [207] eq. (5.2):

3
2

. . T
je(T) = j&X0) - (1 - T—C) - KL(T), (5.2)

where jc is the critical current density. KL(T') for a superconductor in the dirty limit (the mean
free path length for electrons /. << &gr) can be extracted out of the analytical approximation
to figure 1 in [206] eq. (5.3):

1.46

KL(T)~1.87 - ———————.
@ 1+(0.7 - £o)112

(5.3)

IgL(O) is then calculated using eq. (5.2) in combination with eq. (5.3) and the proportionality
IC o jc:
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Figure 5.10: Comparison of the superconducting characteristics of the V-SNSPD (red) and the U-SNSPD (black)
fabricated with process B. The shown data was measured using detector pair D1-B (table 5.2). (a)
Resistance-temperature dependence for both detectors (squares). For comparison, the red dashed line
shows the R(T) characteristic of the film with its maximal resistance normalized to the maximal
resistance of the V-SNSPD. The blue solid line shows the derivative of the RT-dependence of the V-
SNSPD. (b) Current-voltage characteristic of both detectors at a temperature of 4.2 K. The vertical
dependence at 2.5V is caused by a saturation of the used ADC in the measurement system.
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1EE0)U)”
13 £ 5 % for the V-SNSPD. The reduction of the critical current by the smaller bend radius
of the V-SNSPD (25 nm) in comparison to the bend of the U-SNSPD (40 nm) overweight the
effect of the thicker bends.

The improvement of Ic was calculated out of On average, Ig L(0) is reduced by

SNSPDs Fabricated with Process B

The resistance-temperature dependence for a detector pair (D1-B) fabricated using process
B is shown in fig. 5.10a. The blue solid line shows the derivative of the transition of the
V-SNSPD after averaging over 10-points to smooth the curve. For both detector types, the
progression of the R(T) characteristics are comparable. The normal state resistance Ry of
the uniform detector is higher since the thinned bends have a higher resistance. In contrast
to SNSPDs fabricated using process A, only one transition step is clearly visible for the V-
SNSPD and no additional step can be extracted out of the derivative. The /(V)-dependence
(fig. 5.10b) shows a similar progression for both detectors and a higher Ic of the V-SNSPD.

An overview of extracted parameters for detector pairs and the unstructured NbN film can be
found in table 5.2. The T¢ is slightly higher for the V-SNSPD. The processing and thinning
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Table 5.2: Superconducting parameters of SNSPD pairs fabricated in process B.

Sample| Te ATe Ry Ic(42K) L(42K) ISH0K) < 00
15TON0)

K K kQ HA HA HA

Film |13.9 0.4

DIV-B | 8.0 2.0 1040 3.4 15 78

DIU-B| 80 1.5 1210 2.6 16 61 (18

D2VB | 8.6 3.0 680 5.1 20 104

D2U-B| 80 1.5 990 3.4 22 79 (I

D3V-B| 89 22 810 4.9 24 94

D3U-B| 7.8 1.7 1110 2.9 20 71 [

of the active detector area (11.7nm — 4.3 nm) reduces the 7¢c by 5.5 K. The AT¢ for the
V-SNSPD is larger, which can be caused by the different 7¢ of the thick bends in comparison
to the nanowire. Whilst all V-SNSPDs have a higher /¢ than their uniform counterparts, the
retrapping current /, is similar for both detector types. The Ry of the U-SNSPD is significantly
higher than of the V-SNSPD due to the lack of thick edges. For better comparison of /¢ of the
detectors despite the differences in T¢, the previously introduced Ig L(0) was calculated. The
L
calculated %
The difference of the experimental improvement of 30 + 2 % compared to the theoretical
improvement of 70 % can have several reasons: albeit weaker, current crowding may still be
present in the thicker bends or the critical current may already be suppressed by imperfections
in the nanowire for the V-SNSPD. In addition, the effect of current crowding in the U-SNSPD
may be lower than expected, since the fabricated bends do not have perfectly sharp 90° turns.
Using equation (63) and figure 3 out of [143] an effective bend radius of ~5nm (=1 - &5
with £ = 5nm [131]) is enough to fully explain the observed improvement. This radius is
plausible for the remaining radius as seen in the SEM image of the bend in fig. 5.8a within
the resolution of the image.

reveals an average IgL(O) improvement of 30 + 2 % for the V-detector.

Comparison

In comparison, the difference in 7¢ (=3 K) and Ic (=10 pA) between SNSPDs fabricated in
process A and process B is stronger than expected for a difference in thickness of 0.5 nm
(10 %) of the tinned film. The T¢ reduction of the process B by the thinning process is
significantly stronger than for process A (=5.5 K versus =3.5K). Also, the experimental /¢
after process B is over three times lower than the /¢ values after process A. In comparison to
typical Ic values of a NbN meander SNSPD on sapphire of ~30 pA [208], the Ic of SNSPDis
lower by a factor of two after process A and by a factor of ten lower after process B. This
might be explained by the influence of the etching process on the thin NbN film. The Ar-ions
from the Ar*-milling process not only etch the material physically from the top. If they do
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Figure 5.11: Bias dependence of the DE of V- (open circles) in comparison to U-SNSPDs (closed squares). The
dashed lines are sigmodial logistic fits to the data. (a) Detector pair fabricated in process A. The bias
dependence is shown for 2 = 650 nm in black and for 4 = 900 nm in red. (b) Detector pair fabricated
in process B. The bias dependence is shown for 2 = 500 nm.

not collide with an atom on the surface, they penetrate deep into the film and can disturb the
crystalline structure of the NbN. A direct comparison of the 7¢ for a film grown to a thickness
of 5.5nm and a film milled to 5.5 nm from 12 nm showed a suppression of 7¢ by more than
2 K connected to the etching process [Miil18].

While SNSPDs fabricated using process A showed a decrease of IgL(O) by 13 +5%, an
increase of 30 + 2 % was observed for SNSPDs fabricated using process B. This proves the
importance of controlling the bend radius for a SNSPD with variable thickness. In addition,
a steeper transition from the thinned nanowires to the thicker bends caused by the fabrication
process A may have introduced additional current crowding for the V-SNSPD.

5.4 Optical Properties

The photo-response of the detectors was characterized in a fiber-coupled dipstick setup (sec-
tion 4.3 of chapter 4) using top excitation at a bath temperature of 4.2 K. One detector pair
was characterized for each fabrication process regarding their DE and DCR. The detection
efficiency was calculated as DE = %, where Npj, is the number of photons on the
active area of the respective detector. For process A, the detector pair D1-A was chosen for
characterization. For process B, the detector-pair D1-B was chosen for characterization to

exclude an influence of the T¢ in the measured result.

The DE was investigated in relation to /g for the SNSPDs fabricated in process A (fig. 5.11a)
at 4 = 650nm and at A = 900 nm and at A = 500 nm for the SNSPDs fabricated in process B
(fig. 5.11b). To extract the level of saturation for the internal efficiency, the data was fitted with
a logistic sigmoid function. For the detector pair fabricated using process A, the dependence
on the bias current is similar for the U- and the V-SNSPD. However, the dependence is shifted
by 2uA towards a higher bias current for the U-SNSPD. Both detectors reach a maximal
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Figure 5.12: Bias dependence of the dark count rate. The U-SNSPD is shown as a black square and the V-SNSPD
is shown as a red circle. (a) DCR dependence of the SNDPDs with fabrication process A. (b) DCR
dependence of the detector pair fabricated using process B. The colorized areas visualize the contribution
of electrical noise (blue) and intrinsic dark counts (gray).

detection efficiency of ~10 % at 650 nm and of =5 % at 900 nm. The extracted saturation
is 67 % (=69 %) at 650 nm for the V-SNSPD (U-SNSPD) and ~34 % (=31 %) at 900 nm.
Both detectors fabricated in process B start to detect photons at a bias current of ~2 uA. The
dependence is comparable for both detectors until the Ic of the U-SNSPD is reached. The DE
of the V-SNSPD further increases until it starts to level out at a DE close to 10 %. The almost
identical dependence for both detectors indicates a high similarity of straight nanowires of
both SNSPDs with a suppressed /¢ for the U-SNSPD. U-SNSPD reaches 32 % of saturation
whilst the V-SNSPD almost reaches full saturation with a saturation level of 97 %.

The DCR for both SNSPDs with both detector types is shown in fig. 5.12 in dependence
of Ig/Ic. For SNSPDs fabricated in process A, an exponential dependence is measured.
The DCR of the U-SNSPD is hereby one order of magnitude higher than the DCR of the
V-SNSPD. For SNSPDs fabricated in process B, the DCR is constant at low bias currents
and higher for the V-SNSPD. The DCR starts to rise exponentially at Iy ~ 0.65I¢ for the
U-detector and at Iz = 0.651¢ for the V-detector. The dark counts were fitted with an offset
exponential function to separate electronic noise from intrinsic dark counts. The offset is
caused by electronic noise and is connected to a low SNR of detector pulses due to the low
Ic of the investigated detectors. The intrinsic DCR of detectors is seen in the exponential
dependence close to the respective Ic (see section 2.3.3 in chapter 2). While the electric
noise during measurement of the V-SNSPD was higher, the intrinsic DCR is one order of
magnitude lower for the same relative bias current. In direct comparison, the DCR of the
detectors fabricated in process B is significantly higher than of detectors fabricated in process
A. The higher DCR may be connected to a larger number of defects in detectors fabricated
with in process B caused by the thinning process.

The spectral dependence of the DE was measured at Iy = 0.85Ic (blue) and 0.91¢ (red)
for A from 500 to 1700 nm (fig. 5.13). For the SNSPD-pair fabricated in process A, the DE
for a short A is comparable for both detectors. However, towards longer A the decline of
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Figure 5.13: Spectral dependence of the DE at Iy = 0.85I¢ (blue) and 0.91¢ (red) for the V-SNSPDs in dots and
U-SNSPDs in squares. The lines are fits of the data with eq. (5.5) to extract A¢ for the V-SNSPDs (solid)
and the U-SNSPDs (dashed). The arrows indicate the positions of the extracted Ac.

Table 5.3: Extracted Ac values out of a fit of eq. (5.5) to the spectral dependence fig. 5.13.

U-SNSPD V-SNSPD
Device | A¢(0.851c) Ac(0.90I¢) | Ac(0.851c) Ac(0.901¢)
D1-A 734 nm 785 nm 810 nm 858 nm
D1-B 1104nm  1326nm | 1218nm  1262nm

the DE for the V-SNSPD is less pronounced than for the U-SNSPD. For the SNSPD-pair
fabricated in process B in the investigated spectral range, the DE is significantly higher for the
V-SNSPDs. For the V- as well as the U-SNSPD, a plateau of the DE (DEpjyeau) can be seen
for shorter wavelengths followed by a roll off. The absolute DE value and the slight increase
of DE from 4 = 500 to 620 nm for the V-detector is in good agreement with the calculated
absorption efficiency in [135] for orthogonal polarized light in respect to the meander lines.
Ac at 0.5 - DEpjaeau can be extracted by an empirical fit to the spectral dependence of the DE
with [157]:

2\
DE(/U = DEplateau . (1 + (_) ) s (5.5)
Ac

where p describes the power-law decrease of efliciency towards the infrared. DEpjaeau, Ac
and p were used as free fit parameters. The extracted values for Ac are collected in table 5.3.
For all detectors, except for the U-SNSPD fabricated in process B, a DEjateau 0f 12 £ 2 % is
reached.

For the detector pair fabricated in process A, a larger Ac is reached with the V-SNSPD. With
an increase of the relative bias current from 0.85 to 0.90/c, Ac is shifted towards longer
wavelengths by 50 + 2 nm for both detectors. Since the bias dependence for both detectors
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shows a very similar DE-current relation, despite being shifted by ~2uA, the observed
differences of Ac, Ic and I; of SNSPDs fabricated in process A might be related to a slightly
different width of the nanowire for the U-SNSPD in comparison to the V-SNSPD. Using the
linear relation of A¢ to the wire width w of the diffusion-based hotspot model (section 2.3.2
of chapter 2) with the assumption that both detectors are biased to the same relative I //qep
and have a comparable thickness, identical temperature and the same material parameters,
the relation of Ac, to Ac, of the SNSPDs can be expressed in relation to the nanowire widths
w1, Wp as:

w
L= e, (5.6)
wi

Ac

Using eq. (5.6), the difference in Ac at the investigated bias levels can be explained by a
7 nm smaller width of the V-SNSPD (68 nm versus 75 nm). A width difference of 7 nm also
explains the differences in Ic and /.. Current density (j) values, calculated using a width
difference of 7 nm, show a convincing coincidence:

JC.V-SNSPD corrected = JC,U-sNsPD = 4.2 MA /cm? (5.7

Jir V-SNSPDcorrected = Jr.U-sNsPD = 1.3 MA/cm?. (5.8)

Hence, the differences of Ic, I, DE and Ac can be explained by a narrower width of the
nanowire of the V-SNSPD in comparison to the U-SNSPD. However, this width differential
does not explain the larger observed DCR of the U-SNSPD. Whilst the smaller bend radius
seen for the V-SNSPD or the abrupt thickness transition seem to nullify an effect of the
thicker bends on the Ig//qep, a constant jc for a smaller width is already a beneficial effect
of the thicker bends on current crowding. Usually, a decrease in jc is observed for a smaller
nanowire width [207]. In addition, the amount of observed dark counts is reduced for the
same Ig/Ic.

For SNSPDs fabricated in process B, despite a one order of magnitude lower DE of the U-
SNSPD, the extracted Ac (table 5.3) is larger at Iz = 0.90/c in comparison to the V-SNSPD.
However, the relative decrease in DE and the decrease in Ac is significantly stronger for the
U-SNSPD when the Ig is decreased from 0.90 to 0.85/c. Overall, the extracted values of A¢
are large for meander NbN SNSPD at a temperature of 4.2 K and comparable with the Ac
observed for a single-spiral SNSPD [158]. The long plateau of the U-SNSPD is unexpected.
It is generally understood that for wavelengths where the DE is in a plateau SNSPDs operate
in the deterministic detection regime with an IDE close to unity and a further increase of
photon energy does not yield a higher DE of the detector since it operates in its absorption
limit [209]. While the V-SNSPD, seem to operate in the deterministic detection regime in
the plateau, the low DE and the not saturated bias dependence (fig. 5.11b) for the U-SNSPD
convincingly show that the main share of the nanowire is not in the deterministic detection
regime at the applied bias current. The presence of the plateau might be explained by a
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high number of defects due to the thinning in the film. With a locally suppressed lgep due
to defects, single parts of the nanowire might already be in the deterministic region, whilst
the main share of the detector is under-biased and does not contribute to the detection of
photons. Since both detectors differ in their bend thickness, the observed effect may also be
explained by detection of photons in bends of the U-SNSPD: at the used bias current, the
U-SNSPD may only be efficiently biased in the detector edges due to current crowding. In
contrast, the straight parts of the nanowire are not sufficiently biased and the active area is
significantly smaller which explains the low DE of the U-SNSPD in comparison to the DE
of the V-SNSPD. In conclusion, the significant improvement of the DE in the order of one
magnitude indicates a more efficient biasing of the V-SNSPD with a dark count rate in the
order of one magnitude lower. The high coincidences of the superconducting parameters and
the coinciding bias dependence (fig. 5.11b) indicate a high comparability of both nanowires.
From the comparable design of the turn, apart from the thickness, it can be concluded that the
observed improvements stem from a less strong current suppression and a larger vortex entry
barrier in bends, which confirms the expected behavior.

When comparing SNSPDs fabricated in process A with SNSPDs fabricated in process B,
the significant larger Ac for SNSPDs fabricated in process B, despite a significantly lower
critical current, meets the eye. A stronger destruction of the crystalline structure of the NbN
film, caused by the longer etching process, may significantly suppress the superconductivity
in the film. Homogeneously spatially distributed defects may facilitate a detector in which
Ic is suppressed in the full detector and which can hence still be sufficiently biased with a
significantly lower absolute bias current. With a sufficiently suppressed energy gap in the wire,
it will get more sensitive to lower energy photons. In addition, a present high defect density
may significantly lower the vortex entry barrier which could explain the large absolute number
of observed dark counts in SNSPDs fabricated using process B (fig. 5.12b). This suggests
the use of a deterministic destruction of the crystalline structure of the NbN film for SNSPDs
with a large Ac at the cost of an increased DCR. The DEpjaequ 0f 12 +2 % of detectors is
roughly half the DE that can be observed for NbN SNSPD close to saturation [208] but is
in good agreement with the absorption for a single polarization for a NbN film with 4.6 nm
thickness [135].

5.5 Summary

A new approach to avoid current crowding using a variable thickness was proposed. SNSPDs
were fabricated as meanders with 180° turns in the bends by using two different fabrication
processes. Detectors where fabricated in pairs, with one detector having thin nanowires and
thick bends (variable) and a detector with uniform thickness (uniform) as a control. The
variable SNSPDs have a thickness of ~5nm in the wires and of ~12nm in the bends and
the uniform SNSPD control devices have a thickness of ~5nm in the wires and bends. The
variable thickness was achieved by deterministic thinning of an initial ~12 nm thick NbN film
by Ar*-ion milling. In detectors fabricated in process A, the SNSPDs were patterned prior
to the thinning process; detectors fabricated in process B were first thinned and the SNSPDs
were patterned afterward. The thinning process after SNSPD patterning led to a decrease in
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nanowire width in the thinned areas. This caused a significantly smaller bend radius of the
variable SNSPD (25 nm), in comparison to the bend radius of the uniform SNSPD (40 nm) for
SNSPDs fabricated in process A. This width reduction was not present for the changed order
during the fabrication process B. The etching process for the thinning altered the film quality
by significantly decreasing the critical temperature and current of the film. Due to the different
bend radii and a 7 nm smaller width, for SNSPDs fabricated in process A the critical current
was reduced by 13 + 5 % for the detector with variable thickness. The smaller bend radius in
the variable thickness detector, counteracts the effect of the larger thickness. Nevertheless, due
to an identical critical current density at a smaller width, the A¢ was increased by ~70 nm for
the same relative bias current. For the SNSPDs fabricated in process B, which is characterized
by a homogeneous wire width and identical bend radii for both detector types, the critical
current was increased by 30 + 2 % using a variable thickness. The difference to a theoretically
predicted increase of 71 % for the critical current can be explained by not perfectly sharp turns
with a bend radius of ~5 nm. Connected to the increased critical current, the variable detector
could be operated at 97 % saturation at A = 500 nm whilst the uniform SNSPD was limited to
32 %. This allowed for a significant increase in DE over the full investigated spectral range
and a Ac = 1260nm at /g = 0.90/c, which is comparable with the Ac obtainable for NbN
single-spiral SNSPDs [158]. For both fabrication processes, the dark count rate was reduced
by one order of magnitude for the V-SNSPD, which proves an increased vortex entry barrier
in the bends. In conclusion, a variable-thickness design for SNSPDs is effective to reduce
the influence of current crowding for a given bend geometry. This can be very useful for the
creation of SNSPD arrays, high efficient detectors with polarization sensitivity and waveguide
SNSPDs. In addition, it was found that a deterministic degradation of the film may be suitable
to increase the A¢c of a SNSPD.
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6 Ultra-fast Photon-Number Resolving
Detectors

SNSPDs generally allow the detection of only one photon at a time, however, photonic
quantum computers using boson sampling [210] or the KLM-scheme [13] require the direct
characterization of photon-number states (Fock states). This can either be done by using
one beam splitter and one single-photon detector for each individual number state or by
using a single photon-number resolving detector with a sufficient photon-number resolution
(PNR). For linear optical quantum computing (LOQC) a PNR of 4 is required. In addition,
quantum receivers for coherent communication greatly benefit from a 3-photon resolution.
With a 3-photon resolving detector, the error rate during communication can be improved by
27 dB in comparison to the quantum limit of a classical receiver [89]. Whilst series photon
number resolving SNSPD (PNR-SNSPD) have already been demonstrated and have been
studied extensively [102] [105] [104] [103] [40] [169], they have so far been demonstrated
only in fiber-coupled setups at temperatures below 3 K and only on GaAs-substrate. In
this chapter, series PNR-SNSPD made from NbN films with palladium (Pd) resistors were
investigated for two distinct applications. PNR-SNSPD were investigated on a sapphire
substrate for telecommunications and on GaAs for waveguide integration into quantum-
photonic integrated circuits. Both detectors were investigated using a standard SNSPD setup
at temperatures >4 K regarding their PNR properties and their ability to represent the statistics
of a light source with high accuracy. A scalable detector design suitable for top illumination
and waveguide integration is realized. The first series PNR-SNSPDs with 3-photon resolution
on sapphire were fabricated and characterized regarding their optical properties focused
around a telecommunication wavelength of 1550 nm. Series PNR-SNSPDs on GaAs with a
waveguide optimized design were fabricated with 4-photon resolution and investigated over
a broad spectral range from 600 to 1700 nm on the single-photon level and for four discrete
wavelengths from 740 to 1550 nm regarding their PNR characteristic. The accuracy of the
measured PNR-characteristic was studied for ultra-fast pulsed lasers with a pulse repetition
frequency (PRF) of up to 100 MHz. To demonstrate the utility of a PNR detector for quantum-
photonic integrated-circuits (QPICs), the ability of such a detector to discriminate a light
source with a Poissonian statistics from a light source with a sub-Poissonian statistics is
demonstrated in a free space optical setup.

Parts of the work presented in this chapter are published in IEEE Transactions on Applied
Superconductivity under the title: "Characterization of a photon-number resolving SNSPD
using Poissonian and sub-Poissonian light" [SRS*19]. The work presented in this chapter
was done with support of E.Reutter [Reul7]. All optical experiments performed in the later
described Setup 1 were supported by M. Schwartz and J. Binz from the University of Stuttgart.
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(a) Detector overview (b) Meandered nanowire

Figure 6.1: The design of a PNR-SNSPD is shown for a 4 pixel detector in the overview (a) and zoomed on the
nanowire section (b), the NbN film is shown in gray and the substrate in blue. (a) The resistors are
colorized red and the contact pads for the resistors orange. The black arrows show the current flow
through the detector and the red arrows the current flow through the parallel resistors. (b) Meander design
of the nanowire; the current flow is indicated by arrows, red arrows show the current flow from and to the
shunt resistors.

Access to the QD single-photon source, excitation and alignment was done by H. Vural from
the University of Stuttgart.

6.1 Detector Design and Fabrication

The design for the PNR-SNSPD used a series SNSPD design as proposed and demonstrated
by [101] [102]. The design is explained in detail in section 2.3.9 in chapter 2. The design
was used because it allows for the implementation of PNR using amplitude multiplexing
and can be used without making changes to an existing SNSPD setup and is operated like
a conventional SNSPD. The series-PNR SNSPD design was adapted using the following
principles: low fabrication complexity, scalable pixel number, variable absorption length,
suitability for top illumination and integration into a tapered WG design (section 4.1) of a
QPIC. A local shunting of the nanowire in a spiral detector design is not possible in a single
layer, hence the nanowire was arranged in a meander design. To have a scalable number
of pixels, the resistors were arranged in a row to allow the addition of further resistors to
either side. To enable waveguide integration, the resistors were placed on one side and the
nanowire to the other. This allows the placement of the nanowires onto the waveguide and
the placement of resistors off the waveguide.

The used detector layout is illustrated for a 4-pixel detector in fig. 6.1. The meandered
nanowires are placed at the bottom and the resistors are placed at the top. To prevent detection
events in the feed lines used to connect the nanowire to resistors, the width of the feed
lines have at least 2.5 times the width of the nanowire. For the resistors, a design value
of 25Q was chosen, which is on the lower end of previously used values [40]. A small
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Figure 6.2: Illustration of the fabrication steps for a PNR-SNSPD.

resistance of the shunt resistors reduces current redistribution out of the detector and ensures
a small footprint for the full device. Palladium was chosen as resistor material due to its high
corrosion resistance and the high temperature stability of its specific resistance at temperatures
<7K [211]. The resistors are connected to the NbN film by the use of gold contact pads with
a width of 5pm and a length of 2.5 um to ensure a small contact resistance. The resistors
were chosen to a minimal width of 5 um and a thickness of 30 nm in order to manage a high
yield. The um-width further provides a sufficient contact area and ensures a good adhesion of
the Pd to the substrate and a high reproducibility of resistance. A minimal thickness of 30 nm
for the resistors is required since the Pd has to bridge the distance of 23 nm from the top of
the contact pad to the substrate with a reliable electrical contact. The 30 nm thick Pd film is
deposited using DC-Magnetron sputtering at an Ar pressure of 7.1 x 107> mbar and a power
of S0 W. This translates to a sheet resistance of Ry = 5.0 = 0.3 Q. Together with the design
width and a target value of 25 Q, the length of resistors has to be 25 um. The resistors are
oriented vertically to save space, so further pixels and resistors can be added to either side.
The nanowire is designed in a conventional meander layout (fig. 6.1b). The design width of
the nanowire is 100 nm and the gap width between the nanowires is 70 nm.

The fabrication was done in five steps (fig. 6.2a). In a first step, 4.5 nm of NbN was deposited
on R-plane sapphire and GaAs(100) substrates. Due to the beneficial effects of an AIN buffer
layer seen in chapter 4, a 10 nm thick AIN buffer layer was deposited onto the GaAs prior to
the NbN film deposition. In the second fabrication step (fig. 6.2b), alignment marks along
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(a) 3-pixel PNR-SNSPD on sapphire

(c) 4-pixel PNR-SNSPD on GaAs ©2019 IEEE [SRS* 19] (d) Nanowire of a 4-pixel PNR-SNSPD on GaAs ©2019 IEEE
[SRS*19].

Figure 6.3: Colorized SEM images of PNR-SNSPD on sapphire (a+b) and GaAs (c+d). The darker areas are NbN
and the lighter areas the substrate. (a+c) are overview images of the detector including parallel resistors
Rp colorized in red and contact areas colorized in yellow. The position of the nanowire that is shown in
more detail on the right is marked by a black square. (b+d) are images of the nanowire. The feed lines to
connect the resistors are colorized in red, each individual pixel is colorized for clarity.

with contacts and contact areas for the resistors were structured from 15 nm of gold on top
of a 3 nm thick Nb adhesion layer using EBL, sputter deposition and lift-off technique. Prior
to the Nb/gold deposition, a soft Ar-ion milling step was performed in situ to remove surface
contamination and ensure a small contact resistivity and reproducible resistor characteristics.
In a third step (fig. 6.2c), the nanowires along with the feed lines to the resistors were patterned
using EBL and RIE in a SFg + O, atmosphere. A high stability of both used substrates towards
RIE etching in SFs + O, makes it possible to selectively etch the NbN film only. In a fourth
step (fig. 6.2d), resistors are structured from palladium using EBL, sputter deposition and
lift-off technique. In a final EBL and RIE step (fig. 6.2¢), a RF-coplanar feed line is structured
on the chip to bias and readout the detectors.
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Figure 6.4: R(T')-characteristic of a PNR-SNSPD for each design. The inset is a close up at the foot of their
superconducting transition. The transition seen in the inset is caused by the superconducting transition
of the nanowire. The resistance in its normal state corresponds to Rp .

A fully patterned PNR-SNSPDs is shown for both substrates in fig. 6.3. The detectors on
sapphire (fig. 6.3a, fig. 6.3b) have a wire width of 80 + 5nm and a total nanowire length
of 144 um, which is separated by local Rps into three pixels with identical wire lengths.
For quantum receivers 3-pixels are enough to significantly decrease the error rate during
communication [89]. The detector has an active area of 4 um X 6 um. The detector on GaAs
(fig. 6.3c,fig. 6.3d) has a wire width of 105 + 5nm with a total nanowire length of 240 um.
The active area of the detector is 4 um X 6 um. The design was stretched to increase the
absorption length of the detector for waveguide integration. The used 4-pixel design enables
the 4-photon resolution that is required for LOQC.

6.2 Superconducting Properties

The superconducting properties of the detectors were characterized in a 4-probe dipstick
setup by measuring the temperature dependence of the resistance R(7') and the current voltage
characteristic (V) at 4.2 K.

The R(T) dependence (fig. 6.4) reveals a two step superconducting transition. Starting at
a high temperature, the first step is the superconducting transition of the NbN RF-feed line
that is structured out of the same film with a width in the micrometer range. The second
transition, seen in the insets, is the superconducting transition of the nanowire. The 7¢ of
the NbN film is 12.8 K on sapphire (fig. 6.4a) and 10.3 K on GaAs (fig. 6.4b). The T¢ of the
detectors is 11.6 K and 9.4 K, respectively. The small width of the nanowires reduces the 7¢
by approximately 1 K. The difference in normal state resistance (10kQ vs 42kQ) for both
detectors is mainly caused by a different design of the coplanar readout line which is necessary
due to the different RF properties of the substrate and is not connected to film properties. The
normal resistance of the second step (see inset) of 70 Q at 12.6 K for the SNSPD on sapphire
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Figure 6.5: 1(V')-characteristic of the PNR-SNSPDs. The value of R}, can be extracted from a linear fit of the
resistive part of the dependence.

and 120 Q at 10 K for the SNSPD on GaAs is not determined by the resistance of the nanowire
but by Rp since their resistance is four orders of magnitude smaller than the normal resistance
of the nanowire.

The current-voltage characteristics for both detectors (fig. 6.5) shows a single-step transition
into the resistive state, indicating a high homogeneity of the individual pixels. Furthermore,
no hysteresis is visible. This is connected to a redistribution of the current from the nanowire
to the shunt resistors, which reduces the thermal load caused by Joule heating in the nanowire
and allows for fast recovery into its superconducting state once the current reaches a value
lower than the critical current. In comparison to an external shunt resistor, the redistribution
of current is faster due to a smaller resistance and capacitance of the connecting feed lines.
The Ic of the SNSPD on sapphire is 38.1 A and of the SNSPD on GaAs 22.6 pA; the higher
current of the SNSPD on sapphire is connected to its higher 7c. Out of a linear fit of the
ohmic current-voltage dependence in the normal conducting regime, the sum of resistances
of all shunt resistors at 4.2 K was extracted. The total resistance of all shunt resistors of
the SNSPD on sapphire is 63 Q2, which leads to a value of 21 Q for each individual resistor.
The discrepancy to the targeted 25 Q can be explained by a slight thickness variation of the
sputtered Pd. The extracted 101 Q for the total shunt resistance of the SNSPD on GaAs fits
very well to the design value with a resistance of each resistor of about 25 Q.

6.3 Experimental Setup for PNR Characterization

For the optical characterization, a free space and a fiber-coupled setup was used. The fiber-
coupled dipstick setup is described in more detail in section 4.3 of chapter 4. Since the cooling
is done by submerging the end of the dipstick into liquid helium, the operation temperature
is 4.2 K. In the free-space setup the SNSPD is excited by photons passing through an optical
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Figure 6.6: Schematic of the utilized measurement setups.

window. A detail description of this setup can be found in section 7.2 of chapter 7. The
operation temperature is ~4 K. In this chapter the free-space setup is further regarded as
Setup 1 and the fiber-coupled setup as Setup 2.

The measurement principle of both setups for the characterization of the PNR detector prop-
erties is schematically shown in fig. 6.6. Pulsed laser sources with pulsed lengths <5 ps
were chosen to investigate the accuracy of the measured results. Lasers have a well-known
Poissonian photon statistics and a pulse length significantly shorter than the relaxation time
of the detector (few nanoseconds). This ensures a well-known photon statistics for each pulse
and allows an evaluation of the accuracy of the measured photon-number (PN) statistic. The
used laser source for the Setup 1 is a Ti:Sapphire laser that can be spectrally tuned in the
range of 740 to 930 nm and has a pulse length of 3.6 ps at a pulse repetition frequency (PRF)
of 76 MHz. Setup 2 operates with a fiber-based fs-laser which operates at a wavelength of
1550 nm and has a pulse length below 150 fs at a repetition rate of 100 MHz. The photons are
guided onto a variable attenuator with an adjustable attenuation in the range of 1.5 to 50 dB.
After the attenuator, the photons propagate either through free space (Setup 1) or through
a fiber (Setup 2) to a 90:10 beam splitter (BS). 90 % of photons are split to a power meter
(PM) to control the photon flux and 10 % to the detector. In the cryostat the photon beam is
centered onto the SNSPD by the use of a micrometer stage (Setup 1) or micrometer screws
(Setup 2) to ensure a homogenous distribution of photons on the detector. The detector is
electrically connected to the RF+DC output of a distributed low temperature bias tee. Through
the DC path of the bias tee, a bias current is applied to the detector using a battery-driven
low noise bias source. Through the RF-path of the bias-tee the detector pulses propagate to a
room temperature amplification scheme consisting of three cascaded RF-amplifiers. The full
amplifier chain was characterized to have an amplification of 57 dB at 2.8 GHz [132, p. 38].
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Figure 6.7: Count rate dependence on the bias current on a single-photon level. The inset of (b) shows the dependence
with a linear scaling. The black solid line is a logistic sigmodial fit to the data < 0.93¢ to extract the
saturation level.

The detector pulses were recorded using three different devices: a pulse counting electronic
(Stanford Research SR620 Time Interval Counter), a 16 GHz real time oscilloscope and a
TCSPC electronic (PicoQuant Hydraharp).

6.4 Optical Characterization

The detectors were studied regarding their single-photon as well their PNR characteristics.
Characterization of the detector on sapphire is focused around 1550 nm, which is a wavelength
typically used for telecommunication. The detector on GaAs was characterized in a wavelength
range from 600 to 1700 nm with a focus on 900 nm, since it is the wavelength of interest for
QDs in GaAs photonic integrated circuits.

6.4.1 Bias and Spectral Dependence

The count rate dependence on the bias current was characterized at a mean photon number
for each detection event << 1, and a trigger level corresponding to the 1-photon level (see
section 6.4.3) of the detector (fig. 6.7). The measurement was performed using a pulse
counting electronics. The detector on sapphire was characterized at a wavelength of 1550 nm
(fig. 6.7a) and the detector on GaAs at a wavelength of 900 nm (fig. 6.7b). The PNR-SNSPD
on GaAs in the exponential scale shows a leveling out of the count rate for bias currents of
0.851c which indicates a detector operation close to the deterministic detection regime. From
a sigmoid logistic fit to the data < 0.931c, a saturation of the IDE of 77 % can be estimated
at a bias level of 0.9/c. The sapphire detector does not show a leveling. At Iz = 0.93/¢ the
count rate of the detector on GaAs starts to rise until /g ~ Ic where the pulse counter goes
into its counting limit at 36 MHz for both detectors. These additional counts are not caused by
photons but are a result of relaxation oscillations. They are caused by the small shunt resistors
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Figure 6.8: Spectral dependence of the detector count rate at different bias currents of a 4-pixel GaAs detector.

separating the detector into smaller pixels with a small kinetic inductance Lg;,. This leads to
a fast recovery of the bias current into the nanowire at a time constant 7 = Ly;,/Rp [147].
If this time constant is too small, the nanowire cannot fully recover, which in a standard
SNSPD causes the detector to stay in a stable resistive state and the detector latches [149].
However, with a small shunt resistor, when the resistivity of the detector rises, the current
is immediately pushed back into the shunt resistor, triggering another voltage pulse. The
observed oscillations are more significant for the detector on GaAs due to a lower thermal
coupling of the film to the substrate fostered by the AIN buffer layer (fig. 3.10d chapter 4).
Starting at 0.931¢ the current initially oscillates a few times. A further increase of the bias
current increases the number of oscillations until the detector continuously pulses when its
critical current is exceeded [212].

The spectral dependence of the detector (fig. 6.8) on GaAs was measured with the pulse
counting electronic on a single-photon level using a halogen light source in combination with
a monochromator. The shown count rate is normalized for the transmission of the optical
setup and the emission of the halogen light source for each measured wavelength. From A =
500 to 815 nm the count rate is more or less stable for Iy > 0.90/c, which indicates detector
operation in the deterministic regime for these wavelengths. An increase in the count rate of
77 % between 810 nm and 840 nm is observed. This is connected to reflected photons at the
substrate sample holder interface caused by the GaAs substrate getting transparent for lower
energy photons. Afterward, the count rate decreases in the order of one magnitude from
900 to 1700 nm because the detector is operating in the probabilistic detection regime with
a decreasing efficiency for lower photon energies. The count rate at Iy = 0.80/c decreases
in the full investigated spectral range, apart from the characteristic increase at the band gap,
and then continues to decrease exponentially. This indicates that the detector operates in the
probabilistic regime for /g = 0.80/¢ over the full investigated wavelength range. The observed
count rate dependency of the studied PNR-SNSPDs for excitation on the single-photon level
is comparable to a conventional SNSPD.
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Figure 6.9: Timing histogram for both types of PNR-SNSPDs. The measured data points are shown in black. A
Gaussian fit to extract jitter values is shown in a solid red line. The given jitter values are FWHM values.

6.4.2 System Timing Jitter

The system timing jitter is equivalent to the instrumental response function (IRF) of the full
measurement system and gives the timing resolution of the full setup. The IRF consists of
the timing jitter of the SNSPD, the timing jitter of the photon source, the timing jitter of the
optical setup and the timing jitter of the used readout including amplifiers and measurement
system (oscilloscope). The system timing jitter was characterized by triggering to a SNSPD
pulse at the 1-photon level and recording a histogram of the time deviation of the rising edge
of the next trigger pulse at 50 % of the amplitude.

Timing histograms recorded at a wavelength of 1500nm and a Iz = 0.90/c are shown in
fig. 6.9. The timing jitter was extracted out the standard deviation o~ of a Gaussian fit to the
data. Out of o the FWHM value can be calculated as FWHM = 2V2In20 = 2.3548 - 0.
The deviation of the measured data to the Gaussian can be attributed to photon dispersion
and electronic noise [150] [213]. The FWHM jitter for the PNR-SNSPD on sapphire 119 ps
is close to the jitter of the detector on GaAs. The difference can be explained by the length
difference, 144 um compared to 240 pm, and the higher absolute critical current of the PNR-
SNSPD on sapphire. A longer length of the device increases the geometrical contribution
to the jitter since the transit time of the detector pulse is dependent on the position of the
detection spot. A higher critical current causes higher output pulses and a lower influence of
noise for the measurement [202]. The measured jitter for the PNR-SNSPDs is larger than the
jitter measured for a double spiral in this thesis (section 4.4 in chapter 4).

The system timing jitter for the 4-pixel PNR-SNSPD for different wavelength in the range of
A =740 to 1550 nm is shown in fig. 6.10. The largest jitter was measured at a wavelength
of 740 nm with 220 ps for 0.80/c. For an increasing wavelength from 800 to 900 nm, the
jitter decreases by ~20 %. For A = 1500 nm, the jitter further decreases from 127 to 108 ps.
The jitter decreases with increasing bias current except for an anomaly at 1550 nm in Setup
2 for Iy = 0.90Ic. This decrease is explained by a larger signal-to-noise ratio due to larger
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Figure 6.10: FWHM system timing jitter of a 4-pixel SNSPD on GaAs in dependence of the used optical setup and
excitation wavelength. The dashed lines are a guide to the eye.

detector pulses at a larger bias current, which reduces the noise contribution to the system
jitter [202]. However, the decrease in jitter with increasing wavelength and consequently for
lower energy photons is counter-intuitive. The initial hot spot in the nanowire is smaller for
a lower photon energy and the time until the full cross-section of the nanowire is normal
conducting has a stronger dependence on the position of the initial photon absorption than
for photons with higher energy. Smaller jitter values for higher energy photons are usually
observed for SNSPDs [150] [42]. The unusual dependence of the measured jitter on the
wavelength can be explained by the photon source and the setup used. The significantly lower
jitter at A = 1550 nm is caused by a lower amount of parasitic counts in the fiber-coupled
setup (see section 7.3.2). The differences from 4 =740 to 900 nm are caused by the used
photon source. The mode of the tunable Ti:Sapphire laser was not stable at 4 = 740. This
led to a jumping of the internal propagating mode and to a not fully deterministic emission of
photons. From A4 = 800 to 900 nm the mode of the laser was stable and in return the jitter is
stable. This demonstrates that for the used setup the contribution of the setup to the system
jitter is too large to draw conclusions about a spectral dependence of the detector jitter and
that it overshadows the intrinsic jitter of the SNSPD.

6.4.3 Pulse Height and Trigger Levels

To characterize the ability of the SNSPDs to resolve the photon number, the pulse height was
investigated. Output pulses measured with the real time oscilloscope are shown in fig. 6.11.
A pulse for each amplitude level was recorded at 4 = 900 nm for the SNSPD on GaAs at
Iy = 0.91c. These pulses were measured at a high photon flux with a large mean number of
photons per pulse (u) (1« >> 1). The blue pulse represents the detection of one photon, the
green pulse of two, the red pulse of three and the black pulse of four photons. The 1/e decay
time (71/.) of the measured pulses is approximately 4.4 ns.

The height of pulses was investigated by the use of different voltage thresholds for the pulse
counter. A pulse is counted at its rising edge as long as its amplitude is higher than the
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Figure 6.12: Count-rate dependence on the threshold voltage of the pulse counter at different mean photon numbers
per pulse u for a 3-pixel PNR-SNSPD on sapphire and a 4-pixel PNR-SNSPD on GaAs using a pulsed
laser source. The numbers in the graph correspond to the individual photon levels.

threshold voltage level. The threshold level dependence is shown at 4 = 1550 nm for the
detector on sapphire (fig. 6.12a) and at 4 = 900 nm on GaAs (fig. 6.12b). At first, only the
red data points for u =~ 0.5 are considered. In fig. 6.12a, after a first initial spike at x50 mV
three equidistant (AV = 200 mV) flat regions marked in gray are visible. The spike is caused
by the readout noise. The flat regions on the other hand are caused by the rising flank of
the detector pulses. The presence of three flat regions proves that the detector is able to
discriminate between three PN levels. Starting from the left, the first flat region marks the
detection of one or more, the second flat region of two or more and the third flat region of
three photons. The photon count rate for each PN can be conveniently measured by triggering
at the corresponding flat region and subtracting the count rate of the next higher amplitude
region. For the 4-pixel PNR-SNSPD on GaAs, four equidistant (AV = 250 mV) flat regions
are visible, proving the discrimination of four PN levels. The smooth transition between the
discrete flat levels is caused by the amplitude jitter. For an increasing u, the overall count
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rate increases and the amplitude jitter increases. The amplitude levels start to overlap until
no discrete flat regions are visible (black curve for u = 22 in fig. 6.12b). The increasing
amplitude jitter is caused by a shift of the ground potential based on the detection of the
previous pulse. The strength of this shift is hereby proportional to the detected PN of the
previous pulse (fig. 6.11). After a pulse on the 1-photon level (blue), the ground potential
reaches 0 mV after 9 ns. For a four photon detector pulse the ground potential is at ~ — 0.5V
after 9 ns. For a pulse repetition frequency (PRF) of the laser of 100 MHz, the next laser pulse
is emitted after 10 ns which is too fast at a large u and the readout cannot fully relax. For a
small y, not all laser pulses trigger a detection event and most detection events are on a small
PN-Ievel so the readout line has enough time to relax. However, when the flux is increased and
more detection events occur, in addition, to more large PN-detection events, the amplitudes
start to overlap. In direct comparison, a larger amplitude jitter is seen for the PNR-SNSPD
on GaAs. This can be explained by taking into account the detection efficiency and the pulse
height. The detection efficiency of the SNSPD on GaAs at a wavelength of 900 nm is higher
than the detection efficiency of the SNSPD on sapphire at 1550 nm, so overall more laser
pulses and larger PNs are detected on the GaAs SNSPD for the same yp. Furthermore, the
average amplitude of detector pulses is smaller for the SNSPD on sapphire since it only has
three pixels and a smaller Rp.

The SNSPD on GaAs was further tested for constant light sources (fig. 6.13): for a LED
at 4 = 385nm (fig. 6.13a), a 652 nm continuous wave (CW) laser diode (fig. 6.13b) and
a halogen light source in combination with a monochromator (fig. 6.13c) at 4 = 900 nm.
For all light sources, three individual steps can be seen. This proves that the PNR-SNSPD
is able to discriminate between at least three PN levels for the shown three constant light
sources. For a voltage below 150 mV, a flat region is visible, which is not an actual flat region
caused by the rising edge of detector pulses but is caused by the count rate limit of the used
counting electronics. One can see that, since the bias level influences the detection efficiency,
a higher count rate for higher relative bias currents is visible. Due to the number of counts,
the amplitude jitter is increased. A four-photon step is not visible because of a to small power
level of the light sources. Since the investigated sources shown in fig. 6.13 are constant light
sources, photons reach the detector separated in time and not in a well-defined time slot.
Therefore, the amount of photons that reach the detector at a time is reduced. In addition, the
amplitude levels are smeared out since new detection events occur while the previous detector
pulse has not fully relaxed. Hence, a pulsed source is needed for a defined photon statistics
on the detector.

In summary, the fabricated PNR-SNSPDs show amplitude multiplexing with a number of
amplitude levels proportional to the number of pixels. This shows that all detectors are able
to resolve a PN equal to their number of pixels. This successfully demonstrates PNR with
amplitude multiplexing. At a low photon flux for a pulsed light source, the PN levels are
well separated and a pulse counting electronic adjusted to the corresponding voltage level is
enough to resolve the detector output. At a high photon flux the amplitude jitter gets too large
and the PN levels cannot be easily discriminated by a simple pulse counter. In conclusion,
photon-number resolution is demonstrated for all tested light sources.

107



6 Ultra-fast Photon-Number Resolving Detectors

10’ s T T 0% 7 ey
- 8% 10 b 1]
6
—~ n | ]
= 4 ] 2 ..AAVV v 95%]17 ~ LN AAyv 95% IC
o) 10 = AIv % o 104 e A% 3
- [] v = [] v
E 103" - ..AAIv E S 1031 u 0. Y ]
“— '. ° -— LY
S 10%4 ...~.:q::w v E % 1024 " LN 1
=) BN
o L N Q 'l... ‘0 T,
O 10'4 LI AA Yy 1 © 10" . AMv ]
LIS . v
10° S PO 10° e e ]
0 100 200 300 400 500 600 0 100 200 300 400 500 600

counter threshold voltage (mV)
(a) 385 nm LED light source at ~75 pW

counter threshold voltage (mV)

(b) 652nm CW laser light source at ~75 pW

i — M T
- — = 80%I,
1061 ...A:Vv e 85% 101
T:E‘\ 10°4 . .‘% s 90% 1]
LY
; 101 . ‘\. W, T 95% I
Q o A vv
T 10° .""'-_ o L% 1
—— ] AV
S 1071 IR ]
Q L] h, W
(&) 1011 ) Y N
° asba vy
10° : —
0 100 200 300 400 500 600

counter threshold voltage (mV)
(¢) 900 nm thermal light source at ~18 pW

Figure 6.13: Count-rate dependence on the threshold voltage of the pulse counter for different light sources at different
bias levels for a 4-pixel GaAs PNR-SNSPD.

6.4.4 Photon Statistics

The accuracy of the detector statistics to resolve the PN distribution of a laser light source was
characterized by measuring the statistical distribution of pulse amplitudes for a given u using
a real time oscilloscope by recording at least 200 000 detector pulses. The trigger output of
the corresponding laser source was used as a time reference. The data for a A = 740, 800 and
900 nm was obtained in Setup 1, and for 4 = 1550 nm in Setup 2. The detectors were adjusted
tolg =0.9I¢.

A heat map of 250000 detector pulses of a 3-pixel PNR-SNSPD on sapphire recorded at
p = 146 is shown in fig. 6.14. The three amplitude levels are clearly visible. Due to the large
1, the O-photon level is only slightly visible. The white line gives the position where the pulse
amplitudes were recorded and the corresponding histogram is shown in cyan on the left.

Gaussian fits were used to extract the PN levels out of the overlapping pulse amplitudes at
a large pu. A histogram of the amplitude distribution normalized to one at 4 = 1550 nm for
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Figure 6.14: Heatmap of 250 000 pulses for a 3-pixel PNR-SNSPD on sapphire, the white line is the position where
the pulse amplitudes were recorded. The number indicates the corresponding PN level of the amplitude.
The corresponding histogram is shown in cyan on the left.
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Figure 6.16: Photon-number probability distributions of a pulsed laser at different u measured with a 3-pixel PNR-
SNSPD on sapphire.

a 3-pixel detector on sapphire is shown in fig. 6.15a and for a 4-pixel detector on GaAs in
fig. 6.15b. Each histogram was fitted with a sum of Gaussian distributions (dark green) with
a Gaussian for each amplitude level of the detector including the O-photon level (no detected
photons for a laser pulse (orange)). During the characterization of the SNSPD on sapphire
(fig. 6.15a) two peaks were present at each amplitude level due to reflections in the readout
and a sum of two Gaussian distributions was necessary to correctly extract the pulse amplitude
distribution. The sum of all Gaussian-functions (dark green line) fits well to the underlying
data (black dots). Due to the normalization, the probability of a PN is given by the area of the
corresponding Gaussian.

The extracted PN probability distribution in dependence on u of a 3-pixel PNR-SNSPD on
sapphire is seen in fig. 6.16 for 4 = 1550 nm. The PN-distribution shows a clear dependence
on the incoming mean number of photons pro pulse. At a small ¢ mainly O or 1 photons are
detected for each pulse. With increasing flux the PN probability distribution shifts to larger
photon numbers since the detection of higher PN-levels gets more probable.

The same can be seen for a 4-pixel PNR-SNSPD on GaAs (fig. 6.17). The probability
distribution shows a shift to larger PN levels for a higher photon flux at all investigated
wavelengths. The shift of the distributions to higher photon numbers for an increasing u
is stronger for shorter wavelengths. This is expected since the detector has a higher DE at
higher photon energies (section 6.4.1) which significantly increases the probability of correctly
detecting a multi-photon event.

To evaluate the accuracy of the measured photon probability distributions, the measured PN-
statistics of the 3-pixel PNR-SNSPD on sapphire at 1550 nm and of the 4-pixel PNR-SNSPD
on GaAs at 4 = 900 nm were fitted with the theoretical PN-statistics P,'," (n|w) (eq. (2.13) in
section 2.3.9 in chapter 2) expected for a laser using the detection efficiency 7 as a free fit
parameter. N is the number of pixels and n the detected number of photons. For a small y, the
fit closely represents the experimental data for both detectors (fig. 6.18). A direct comparison
of the fit to the measured statistics for the 3-pixel PNR-SNSPD on sapphire for u = 0.4 is
shown in fig. 6.19 and shows that the fit is in good agreement with the experimental data
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Figure 6.17: Distribution of photon-number levels for different wavelengths of a pulsed laser measured with a 4-pixel
PNR-SNSPD on GaAs.

at a small u. The probability distribution is shown in logarithmic scale to visualize the full
statistics. The lack of a recorded detection probability for the experimental 3-photon level is
connected to the number of recorded pulses. For the shown figure, the statistics was done
over 300000 pulses, so the probability of measuring a 3-photon pulse in the observed time
frame is less than 0.2 %.

For an increase of u the fit starts to deviate from the experimental data. The extracted detection
efficiency (17) values (black) out of the fit of P,17V (n|w) for each u are shown in fig. 6.20 along
with the absolute deviation (red) of the fit from the experimental data for each value of . The
absolute deviation is the sum of the differences between the experimental data and the fit for
each PN.

For the 3-pixel PNR-SNSPD on sapphire (fig. 6.20a) for a ¢ < 60, the absolute deviation of
the fit to the experimental data is <1 %. In addition, the extracted n agrees very well with
the DE measured on a single-photon level with DE = 8.5 % (blue line). At larger values of
(1 the absolute deviation is significantly larger than 1 % which shows that the measured PN
does not fully represents the Poissonian statistics of the light source. The 7 slightly rises with
the increase in w. The rise until x4 = 160 is connected to the used battery-driven bias source.
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Figure 6.18: Comparison of the experimental PN distributions at different u with the fit of the theoretical distribution.
(a) PN distribution for the 3-pixel PNR-SNSPD on sapphire at 2 = 1550 nm. (b) PN distribution for the

4-pixel PNR-SNSPD on GaAs at A = 900 nm.
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Figure 6.19: Experimental data and fit for the probability distribution for y = 0.4 at 1550 nm for a 3-pixel PNR-
SNSPD on sapphire.
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Figure 6.20: For both detectors, the detection efficiency 77 extracted out of the theoretical fit is shown for (a)
A = 1550nm and (b) A = 900 nm. The blue line in (a) is the DE calculated at the single-photon level and
the black line in (b) is a linear fit to 77. In both, the absolute deviation of the the theoretical distribution

P,17V (n|u) (eq. (2.13)) to the experimental measured data is shown in red.
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The histograms were measured in sequence starting from the lowest u to the highest u. Each
PN is measured statistically and the number of triggered measurement events, that the used
oscilloscope can measure per second, is limited. Accordingly, one data point was measured
over the time of approximately one hour. A low battery level led to a shift of the reference
voltage which led to a slowly shifting false reading of the applied bias level. To always operate
at the same bias condition, the output was adjusted to the same bias level for each point, which
led to a slight deviation from the previous bias condition due to the shifted reference. Since
the detector was not operating in the deterministic region, a small shift in the bias level results
in a significant change in the DE (see fig. 6.7a). The seen n difference can be explained by a
2 % bias current difference. For ¢ > 160, the battery was replaced and the measured scatter
of 17 is connected to the higher absolute deviation of the fit from the measured data. For a
4-pixel PNR-SNSPD on GaAs and y < 5, the absolute deviation is less than 1 % and the
shows only a small scatter. For higher values of y, the scatter in 7 is significant and the fit
shows a deviation from the experimental data in the order of 20 %. A linear fit to the full
data set reveals a flat average n of 22.7 + 0.3 % (fig. 6.20b). This 7 is in good agreement
with the distribution of flat regions seen in dependence of the used pulse-counter threshold
voltage in the previous section (fig. 6.12b). The stable n indicates that the count rate of the
detector is sufficient to resolve the PN distribution of a light source at a PRF of 76 MHz
for the investigated range of u from 0.35 to 144 in contrast to the used readout. The good
agreement of the fit with the measured data for u < 60 for the SNSPD on sapphire and for
< 5 for the SNSPD on GaAs, respectively, demonstrates that the measured statistics closely
represents the statistics of the light source for small values of ¢ and furthermore, shows a high
homogeneity of the detector pixels. The large scatter of 7 and the deviation of the fit from the
experimental distribution can be assigned to the readout. The described merging of amplitude
levels for large u (section 6.4.3) makes the fitting of the measured amplitude distributions with
Gaussian-fits inaccurate for the extraction of the PN distribution at large u. This behavior
also explains the larger measured dynamic range of the PNR-SNSPD on sapphire. Since the
detection efficiency at the respective used wavelength is lower for the sapphire detector, fewer
photons are detected overall and the PN remains lower for the same values of u. In addition,
the SNSPD on sapphire has one pixel less and has a lower resistance of the parallel resistors,
which results in a lower charge transfer. Consequently, a higher dynamic range for statistical
measurements with a series PNR-SNSPDs can be achieved by decreasing its DE. A lower
DE can be obtained by lowering its bias current, at the cost of sensitivity and fidelity for a
single-shot measurement. Furthermore, an optimization of the readout for a reduced shift in
the ground potential would lead to a higher dynamic range.

In conclusion, the investigated series PNR-SNSPDs are able to accurately resolve the PN out
of a pulsed Poissonian light source with a photon number per pulse of at least u = 60 for
the PNR-SNSPD on sapphire and u < 5 for the PNR-SNSPD on GaAs respectively. A high
accuracy for a u < 5 for the tested 4-pixel PNR-SNSPD on GaAs in combination with the
used setup is sufficient for LOQC [13].
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count rate (Hz)

Figure 6.21: Count rate on the detector for QD photons (red) and dark counts (black). The resulting SNR is shown
in blue.

6.5 Discriminating a Poissonian from Sub-Poissonian
Light Source

To evaluate the benefit of a series PNR-SNSPD for a photonic integrated-circuit, the response
of a 4-pixel PNR-SNSPD on GaAs to laser emission (Poissonian) is compared to the response
to QD emission (sub-Poissonian). The experiment was performed in Setup 1. The laser
source used was the previously used pulsed Ti:Sapphire laser. The In(Ga)As/GaAs quantum
dot was excited by a pulsed resonant laser in a separate flow cryostat. Details on the QD and
its excitation can be found in [214]. The QD is a high purity single-photon source with a
¢?(0) = 0.013 + 0.007, a decay time of 0.53 ns and an emission wavelength of 854 nm [214].

In order to find the optimal /g for the SNSPD, the photon count rate for the QD emitted photons
was recorded and compared to the DCR. One can directly see, that the rate of dark counts at
a high bias current is higher than the count rate for QD emitted photons. The signal-to-noise
ratio (SNR) improves for a small Iy /Ic. However, a low bias current is not optimal, since the
DE is low, which leads to a significantly smaller count rate and, even more important, to a
decreases in detection probability for multi-photon events. As a compromise between SNR
and DE, a Iz = 0.80/c was chosen. The laser emission was adjusted to 4 = 854 nm and the
photon flux to a count rate of ~100 Hz on the SNSPD to have a comparable wavelength and
photon flux as the QD emission. To remove dark counts from the measurement, a Picoquant
HydraHarp TCSPC electronics was used. TCSPC stands for time correlated single-photon
counting and is a general term for time correlated measurements using single photons. The
time tagging of incoming detector pulses allows the separation of dark counts from the pulsed
detector signal, since the dark counts are independent on time and can be seen as a base noise
level. The trigger signal of the corresponding laser, either the Ti:Sapphire laser when used as
photon source or the excitation laser for the QD, were used as a time reference. The detector
response was recorded at the 1- and 2-photon level by triggering to the corresponding voltage
levels simultaneously, using different trigger levels at separate input channels. Since u << 1,
the amplitude levels of the detector were well separated.
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Figure 6.22: 2-photon level TCSPC measurement for a pulsed laser (a) and a resonantly excited quantum dot single-
photon source (b). The 1-photon level is displayed in black and the 2-photon level in blue. The red solid
lines are fits to the data: (a) Gaussian fits, (b) Exponentially modified Gaussian ©2019 IEEE [SRS*19]

The recorded histograms are shown in fig. 6.22 after subtraction of the base noise level. The
detector’s response to the laser is shown in fig. 6.22a. Photons are detected on the 1- (black)
and 2-photon level (blue). The 2 photon level (blue) is recorded with a delay of 232 ps due to
a slightly longer cable. The timing distribution on both photon levels corresponds to the IRF
of the setup when using the TCSPC-electronics. Out of a Gaussian fit (red line), a standard
deviation of oo = 98 ps is retrieved for both photon levels. The detector’s response to the
QD emission (fig. 6.22b) shows a clear signal on the 1-photon level and only noise on the
2-photon level. The absence of a 2-photon level for the QD photons in direct comparison
with the laser at a similar flux, clearly shows that the detector resolves the sub-Poissonian
character of emitted photons. The timing distribution was fitted with an exponentially modified
Gaussian distribution (EMG) (red line). The EMG resembles the Gaussian distribution of
the IRF convoluted with a mono-exponential probability density function to model the mono-
exponential decay of a QD. Out of the fit an IRF of o = 114 + 1 ps was extracted for optical
excitation with the QD and a decay time for the QD of 525 + 3 ps. This decay time is in good
agreement with the previously measured decay time of 0.53 ns [214]. This shows, that the
PNR-SNSPD presented in this chapter is able to successfully discriminate a light source with
a sub-Poissonian from a light source with a Poissonian statistic.

6.6 Summary

In this chapter, a design of photon-number resolving SNSPDs suitable for waveguide integra-
tion was demonstrated. The design is based on the series photon-number approach presented
by Jahanmirinejad in 2012 [101]. Detectors were fabricated in two slightly different designs
on sapphire and GaAs substrate. The system timing jitter for detectors on both substrates
was characterized to be in the range of 130 ps. The first series PNR-SNSPD on sapphire was
demonstrated with a photon-number resolution of 3. The detector was shown to accurately
represent the PN statistics of a 1550 nm fs-laser with a pulse rate frequency of 100 MHz for a
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mean photon-number below 60 photons/pulse with a detection efficiency of 8.5 % at 4.2 K. A
photon-number resolution of 4 was demonstrated for a NbN SNSPD on GaAs optimized for
integration into a waveguide. The characterization was performed in a free-space setup at 4 K
for wavelengths from 740 to 900 nm and in a fiber-coupled setup at 4.2 K. At a wavelength of
900 nm and Iz = 0.9/ the intrinsic detection efficiency of the detector was estimated to 77 %.
A 4-photon resolution was successfully shown for a pulsed and cw-laser, an UV-LED and a
thermal halogen light source. The detector was shown to accurately represent the photon-
number statistics of a ps-laser, at a wavelength of 900 nm, a pulse rate frequency of 76 MHz
for a mean photon rate below 5 photons/pulse, at a detection efficiency of 22.7 + 3.0 %. It
was found that the used readout, limits the dynamic range and jitter of the detectors. For a
characterization of the physical limits of the jitter and the dynamic range of the detectors,
the readout needs optimization. The response of the detector on GaAs to a high-quality
GaAs-based QD single-photon source was tested and the ability to discriminate the statistics
of photons of a sub-Poissonian from a Poissonian was demonstrated. This shows the practical
benefit of PNR-SNSPDs for the field of quantum information technology. With the longer
absorption length on a waveguide, together with an increased intrinsic detection efficiency
using the previously discussed variable thickness approach, a detection efficient close to unity
is in reach for a waveguide integrated PNR-SNSPD with the shown film quality.
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7 Monolithic On-Chip Integration of a Full
Quantum Photonic Circuit

In this chapter, the first full integration of a QPIC on a monolithic platform is demonstrated
using GaAs as a substrate. The used approach utilizes InGaAs/GaAs QDs which are embedded
into single-mode GaAs/AlGaAs-based rib waveguides. A double-spiral type NbN-SNSPD
is used as a detector in combination with an AIN buffer layer (see chapter 4). The highest
degree of indistinguishability for emitted photons is achieved by excitation of the QDs using an
excitation laser in resonance to the QDs energy band [16]. Furthermore, resonant excitation
allows the selection of a single dot out of a large number of randomly assembled dots.
However, the excitation laser causes a significant amount of stray light on-chip seen by the
integrated SNSPD. A spectral filtering of stray light is not possible beacuse for resonant
excitation, photons used for excitation and photons emitted by the excited QD have the same
wavelength. In the first part of this chapter, the amount and predominant origins of stray
lights are investigated and methods for suppression and increase of the signal-to-noise-ratios
are developed. In the second part, a fully integrated device is introduced and characterized
followed by the first successful fully on-chip Hanbury-Brown and Twiss experiment [107] on
a monolithic platform.

Parts of the work presented in this chapter have been published in Nano Letters under the
title: "Fully On-Chip Single-Photon Hanbury-Brown and Twiss Experiment on a Monolithic
Semiconductor-Superconductor Platform” [SSR*18]. The substrates with integrated QDs
were grown by S. Hepp from the University of Stuttgart. The used waveguides were designed,
simulated and etched by U. Rengstl from the University of Stuttgart in the scope of a PhD
thesis [110]. The electron beam lithography of waveguides was performed by T. Reindl of the
Max Planck Institute for Solid State Research in Stuttgart. Oft-chip optical measurements,
the adjustments of the free space optical setup and the excitation of QDs were done by M.
Schwartz in the scope of a PhD thesis [124] with support from T. Herzog [215], J. Binz [216]
and F. Hornung [217], all from the University of Stuttgart. The author of this thesis made
the chip designs with support from U. Rengstl, the fabrication of detectors and covers and all
fiber-coupled optical measurements. On-chip optical measurements were performed together
with M. Schwartz with support by T. Herzog [215], J. Binz [216] and F. Hornung [217]. A
description of the experiment with more focus on QDs and QD excitation can be found in the
PhD thesis of M. Schwartz [124].
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Figure 7.1: a) Sketch of the layer structure of the grown substrate. b) Sketch of the cross section of a single-mode rib
WG.

7.1 Design and Fabrication of Basic Elements

7.1.1 Basic Design

The basic design of the implemented photonic integrated circuit consists of a quantum dot
InGaAs/GaAs single-photon source, a single-mode GaAs waveguide structure and a SNSPD.
The basic layer structure of the chip consists of a 350 um thick GaAs (100) substrate with
a 2 um thick Alg4GageAs cladding layer followed by a 370 nm thick GaAs core layer. In
dependence of the experiment, either a dual or single-side polished GaAs (100) substrate was
used. The Al 4Gag¢As layer has a lower refractive index compared to the GaAs core layer and
acts as a lower confinement layer, preventing photons from escaping to the bulk substrate. Self-
assembled InGaAs quantum dots are integrated 135 nm above the upper Aly4GagsAs/GaAs
interface to match the expected maximum of the distribution of the evanescent field in the final
waveguide structure. The quantum dots emit at a wavelength of approximately 900 nm. An
approximately 580 nm wide, 320 nm high, 2 mm long single-mode rib waveguide is structured
out of the core layer with a S0 nm high slab (fig. 7.1b). In one direction, the WG is tapered
in a linear shape towards the detector over a distance of 250 um to a final width of 10 um
to embed the entire SNSPD. In the other direction, the sample is cleaved perpendicular to
the WG to enable free space coupling. Cleaving is performed by scoring the sample on the
surface in a controlled manner and afterwards breaking along the scored surface. During
this process single crystalline GaAs substrate breaks along its crystalline axis and forms an
atomic flat breaking surface. For the detector, the previously introduced (chapter 4) double-
spiral SNSSPD design was used. The SNSPD is connected to a coplanar RF waveguide to
electrically contact the SNSPD for biasing and readout of the detector pulses. The design of
the detector and RF readout line is described in detail in section 4.1 of chapter 4. For the final
experiments, an AI/AIN bilayer was added on top to shield the detector from stray light.
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(@ (b)

Figure 7.2: a) Detector after the fabrication process described in section 4.2 of chapter 4. b) Detector after NbN
removal.

7.1.2 Substrate Growth and Embedding of Quantum Dots

The basic layer structure of the substrate as seen in figure 7.1a was grown at the University of
Stuttgart by Stefan Hepp using a commercial Aixtron 200 Metal-Organic Vapor-Phase Epitaxy
(MOVPE) system with standard precursor gases: trimethylgallium (TMGa), trimethylindium
(TMIn), trimethylaluminum (TMAI) and arsine (AsHj3). The growth was performed at a
pressure of approximately 100 mbar on GaAs (100) substrates oriented 6° toward the (111)
crystal orientation. The GaAs substrate is heated to a temperature of 710 °C to desorb surface
oxides. On the bare surface a 100 nm thick GaAs buffer layer is grown. This buffer layer
is followed by a 2 um thick Alyp4GaggAs layer, which acts as a lower cladding layer for the
later etched waveguides and prevents carrier diffusion towards the substrate during optical
measurements due to its higher bandgap compared to GaAs. On top of the Alp4GaggAs a
135 nm thick GaAs layer was grown, followed by 2-4 monolayers of InAs using the Stranski-
Krastanov growth mode [122] at growth rates between 1 and 0.5 monolayers per second at
a temperature of 530°C. To allow the assembling of the QDs the growth was paused for
60s. The QDs were capped of by 1 nm of GaAs. Afterwards, the chip was annealed at a
temperature of 610 °C which causes the QDs to blue-shift [218] due to interdiffusion of the In
and Ga. This leads to an emission wavelength of the quantum dots of around 900 nm [219].
The top layer was finalized by an additional growth of 235 nm of GaAs which provides a total
thickness of 370 nm for the WG.

7.1.3 Detector Fabrication

The SNSPDs and RF contacts (fig. 7.2a) were fabricated with the process described in
section 4.2 of chapter 4. The SNSPDs are patterned to a width of 110 = 10nm, a filling
factor of 0.55 and a total length of 216 nm. In an additional fabrication step, the NbN film is
removed in areas not needed for detectors or RF contacts (fig. 7.2b) to free up space on the
substrate for WG integration.
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Figure 7.3: (a) SEM image of the WG-based taper (b) WG embedded SNSPD at the end of the taper (coverd with
50nm HSQ). The dark areas are the HSQ covered areas and the bright areas are the etched GaAs.
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Figure 7.4: a) SEM image of the waveguide cross section after fabrication. b) Simulated TE field for a WG with the
used dimensions. c¢) SEM image of a waveguide-based directional coupler as beam splitter. The inset
shows a magnification to the end of the BS and the distance between both WGs in the coupler region. a)
and b) are reprinted with permission from U. Rengstl and stem from [110]; c¢) was reprinted from [67],
with the permission of AIP Publishing. All figures were modified.

7.1.4 Waveguide Fabrication

Waveguides and waveguide-based directional couplers were patterned at the Max Planck
Institute for Solid State Research in Stuttgart by Thomas Reindl using EBL and etched in a
reactive process using an inductively coupled plasma (ICP-RIE) at the University of Stuttgart
by Ulrich Rengstl.

To be single mode, the WGs are patterned to a width of 580 nm (fig. 7.4a). In one direction,
the WG is tapered in a linear shape over a distance of 250 um to a final width of 10 um
(fig. 7.3a). In the 10 pum wide section, the full SNSPD is integrated (fig. 7.3b). Hydrogen
silsesquioxane (HSQ) was used as a resist, since it offers a high resolution and a good
etching stability for the used gases. HSQ is a negative resist that consists of SiH and SiO
bonds that are cross-linked to an incompletely closed cage structure. By exposure with an
electron beam, SiH bonds, which are weaker than SiO bonds, are broken [220]. The SiO
cross-links into a three dimensional network forming SiO, which is characterized by a high
etching durability [220]. The not exposed HSQ is removed by dipping the chip in a 20 %
tetramethylammonium hydroxide (TMAH) solution. Afterward, the chip is rinsed with water
and ethanol. The HSQ pattern was transferred into a functional WG structure by reactive ion
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Figure 7.5: SEM image of the crossection of the substrate with AIN/AI cover.

etching with an inductively coupled plasma (ICP-RIE). The etching was done in an ICP-100
system by Oxford instruments at a power of the ICP coil of 350 W using SiCly and Ar. The
chip was heated to 30 °C to enable an enhanced absorption of the reaction products. The RF
etching power was 60 W. The pressure in the recipient was 4 pubar with a gas ratio SiCls:Ar of
1:1. The WGs were etched as rib waveguides with an etching depth of 320 nm, a 50 nm high
slab to a total length of 2 mm. In fig. 7.4a, the cross-section of a similar WG is depicted.
The GaAs slab prevents the Aly4GaggAs layer from oxidation and the formation of carrier
traps due to its surface roughness. Carrier traps in close proximity to the QD can lead to an
unstable electrical environment which may lead to a fluctuation of the emission wavelength
and intensity of integrated QDs. A simulation of the TE field distribution (fig. 7.4b) done
in [110] confirms the single-mode characteristic of a WG in the used material system with the
implemented dimensions. By putting two WGs in close proximity to each other, a directional
coupler is formed (fig. 7.4c), that can be utilized as a beam splitter (BS) (see section 2.1.4
of chapter 2). For a wavelength of 900 nm, the geometry for a 50/50 beam splitter can be
extracted to a coupling length of 150 nm at a gap width of 75 nm. More details on the design
and the etching of WGs and beam splitters can be found in [110]. Since the splitting ratio of
the BS is very sensitive to fabrication tolerances on the gap width and WG height, each chip
containing BSs was fabricated with a variation in the BS gap, to increase the probability of
achieving the desired 50/50 ratio.

7.1.5 Al/AIN Cover Layers

To evaluate the origins and the suppression of stray light, an on-chip mirror based on a AI/AIN
bilayer was integrated on some samples. The bilayer was sputtered in situ at room temperature
using reactive magnetron sputtering. An Al sputter target is used for both films. The AIN
layer is hereby sputtered in a N»* Ar atmosphere at a thickness of 20 to 50 nm as a transparent
dielectric, directly followed by a =130 nm thick reflecting Al film in an Ar atmosphere. The
resulting bi-layer is seen on top of the etched substrate in fig. 7.5. The AIN film is optimized
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Figure 7.6: Scheme of the optical setup for characterization of a fully on-chip integrated circuit with resonantly-excited
quantum dots.

to have a smooth surface (chapter 3) whilst the Al has a granular growth. The deterministic
fabrication of AI/AIN bilayers was done using EBL in combination with a liftoff process.

7.2 Experimental Setup

For the thorough characterization of a fully integrated chip, an experimental setup is necessary,
which allows the simultaneous excitation of integrated quantum dots, the readout and biasing
of SNSPDs, as well as the characterization of optical properties of the integrated WGs and QDs
off-chip. A simplified schematic overview of the experimental setup can be seen in fig. 7.6.

Optical Excitation

The sample is optically excited with free space illumination from the top through a microscope
objective with a numerical aperture (NA) of 0.45. The objective can be moved in all spatial
dimensions using a micrometer stage so any point of the sample can be illuminated determin-
istically.

Ilumination of the sample is done using a titan-sapphire (Ti**:Al,03) laser pumped by a
diode pumped neodymium-doped yttrium orthovanadate (Nd:YVO,) laser. The laser can be
operated under continuous wave (cw), as well as under pulsed excitation with pulses as short
as 3.6 ps at a repetition rate of 76 MHz. The emission wavelength of the titan-sapphire laser
can be tuned to be between ~740 nm and ~930 nm. Emitted photons have a spectral linewidth
of ~100 GHz. The titan-sapphire laser is used in pulsed mode for pulsed-resonant excitation of
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the QDs and in cw and pulsed mode for detector characterization. For cw-resonant excitation
of the QD, a diode laser is used with an adjustable spectral range of 875 to 940 nm. To enable
efficient resonant excitation a pulse shaper is added to the setup. Utilizing the pulse shaper
the spectral linewidth of the excitation laser is further reduced and can be adjusted to the
resonance wavelength of the QD at high accuracy. The reduced line width of the excitation
pulse due to spectral shaping increases its duration significantly: at a linewidth of 11.5 GHz,
the pulse duration is 54.6 ps [69]. The light is then sent to a 90/10 BS. 90 % of photons are sent
to a power meter to control the optical power and 10 % are sent to the sample. In the focus,
the spot size on the sample plane has a diameter of approximately 2.5 ym. During resonant
excitation, a low intensity (<1 % intensity of the main pump laser) cw laser with a wavelength
of 633 nm is used for gating (see section 2.2.1 in chapter 2) to enable a stable excitation and
to gate the emission of the QD [128]. This laser is further regarded as stabilization laser.

Off-chip Measurement

Photons that are guided in the sample and coupled out through the cleaved WG facet are
collected from the side by the use of a movable microscope objective with a NA of 0.45. A
linear polarization filter and a single-mode fiber can be put inside the beam path to spatially
filter out stray light. Photon emission out of a single-mode WG is polarized while stray light is
randomly polarized, which is why the polarization filter can reduce the stray light by a factor
of two. A fiber in the detection path can be used as a stencil. Correctly aligned only directed
photons out of the on-chip WG can couple into the fiber, whilst not directed photons "miss
the entry". This allows an effective stray light suppression for off-chip detectors. Afterward,
photons can be either sent to a spectrometer or to an off-chip Hanbury-Brown and Twiss setup
to investigate the nature of emitted photons. The spectrometer consists of a monochromator
that spectrally unfolds the emission. After unfolding the emission is sent either to a CCD
chip, which allows an energy resolution of ~15uV, or to an avalanche photo diode (APDs).
The Hanbury-Brown and Twiss setup consist of a 50/50 BS in combination with two APDs
and a time correlating electronics. Further details on the off-chip optical setup can be found
in [124].

On-chip Measurement

For on-chip measurements of quantum-dot emission or laser excitation, the integrated SNSPDs
are used as detectors. For operation, the SNSPDs are biased using low-noise battery-powered
current sources. The detector pulses are separated from the bias current by the use of low
temperature, distributed bias tees. The pulses are amplified using a room temperature ampli-
fication scheme consisting of three cascaded RF amplifiers: A Minicircuit ZX60-P103LN+
with a typical gain of 15 dB, a noise figure of 0.6 dB and a bandwidth from 40 to 3000 MHz
as a first low-noise-amplifier stage and two Minicircuit ZFL-2600VH+ with a typical gain of
20dB, a noise figure of 5.5 dB and a usable bandwidth from 10 to 2500 MHz as the second
and third amplification stage. The total gain is 57 dB with a 3dB cutoff at 2.8 GHz. The
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Figure 7.7: (a) Sample holder mounted in the cryostat and thermal shield (colorized red). b) Thermal shield (gold)
with Al tape (silver). On the top a square was cut for optical access. c¢) Closed view of the cryostat.
Optical access is possible through either objective through quartz optical windows from the side and from
the top.

pulses are either measured with an oscilloscope, a Stanford Research SR620 Time Interval
Counter, or a PicoQuant Hydraharp TCSPC electronic.

Cryostat

Since SNSPDs and QDs require sufficient cooling for a successful operation, the basis of the
experimental setup is a compact LHe flow cryostat. In the cryostat, the sample is cooled to
approximately 4 K. During the experiment the sample is kept in a vacuum at a pressure below
1 x 107 mbar. The cryostat is equipped with several DC lines and two RF cables to readout
and bias two SNSPDs simultaneously. The sample is mounted on a specially designed sample
holder onto the cold finger of the cryostat using Apiezon-N grease (fig. 7.7a) to improve the
thermal contact. Piezo-motors inside the cryostat allows the movement of the sample in all
three spatial dimensions. During measurements involving SNSPDs, this stage was switched
off to minimize noise in the system. Around the cold finger a thermal shield (fig. 7.7a) is
placed which is kept at a temperature of 20K during the experiments. The shield has a
rectangular shape and is open from the top. On the long sides optical access is possible
through round holes with a diameter of 0.5 inch. To reduce the amount of incoupling thermal
radiation, the openings at the top of the thermal shield and on each side of the shield were
covered with reflecting aluminum tape (fig. 7.7b). A 5mm X 5 mm opening was cut into the
tape at the top and at one side to provide optical access form the top and from the side. The
cryostat is closed by a lid which allows optical access through quartz windows at the top and
at the side (fig. 7.7¢).

Sample Holder

The sample holder as seen in fig. 7.8 consists of a copper back plate and a Rodgers TMM 10i
PCB glued onto the back plate using silver conductive epoxy adhesive. The PCB design
consists of a coplanar RF line for each detector together with a bias tee with a shared ground
connection. The bias tee consists of a 840 nH coil inductor, to block high frequencies in the
DC-bias path and a 12 uF SMD capacitor to block the bias current from entering the readout
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35mm

Figure 7.8: The sample holder allows optical access from the top and from the bottom. The position of the sample
is marked in red. The right bias tee is marked in blue and the distributed elements (coil inductor L,
capacitor C and resistors R) of the left bias tee are marked with green arrows.

path. In addition, two 100 Q resistors are added to provide a 50 Q2 termination for the RF
line to omit reflections. The sample is glued using conductive silver paste directly onto the
copper back plate to ensure an adequate thermal coupling. Using indium bond wires, the
sample is connected to two coplanar RF waveguides. The DC lines for the detector bias
are directly soldered onto the PCB. The RF coaxial cables are connected to the PCB with
miniSMP connectors at the backside. To ensure a low RF loss the copper layer of the PCB
was gold-plated using electrolysis.

7.3 Influence and Reduction of Noise Counts

In previous experiments [108], on-chip operation on a single-photon level could not be demon-
strated due to a large amount of introduced stray light. For a successful on-chip operation,
a high signal-to-noise ratio is key. False count events are a serious issue and may lead to a
non- or malfunctioning of a quantum-photonic device. To reduce the number of noise counts
their origins need to be understood. In a fully integrated circuit with laser excited QDs, three
main origins of noise counts can be found (fig. 7.9): dark counts (1), thermal radiation (2)
and stray light from the excitation laser (3)-(6). (1) All counts that are not caused by photons
are regarded as dark counts. They can be distinguished into intrinsic dark counts and counts
caused by electronic noise. Intrinsic dark counts can be significantly suppressed by a reduc-
ing the operating temperature of the detector [146] and an improved thermal coupling [145].
Counts caused by electronic noise can be avoided by the use of proper shielding of all bias and
readout lines, low-pass filters and the use of a low-noise battery-driven current source to bias
the detectors. Count events caused by photons are considered as noise counts if they are not
stemming from the integrated photon source, in our case the QD. A SNSPD pulse does not
give information about the energy and origin of the detected photons. Therefore, all possible
sources of photons have to be considered for noise investigations. (2) Thermal radiation is
emitted by all bodies as black body radiation with a photon wavelength corresponding to their
temperature. In the used free-space setup, photons emitted at a temperature of ~300 K by
black body radiation can enter the cryostat through the quartz windows and are also emitted
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Figure 7.9: Origins of noise counts. 1) Dark counts 2) Thermal radiation 3) Diffraction at the optical window 4)
Reflections in the cryostat 5) Reflections at the sample backside 6) secondary emission of photons. The
yellow arrow symbolizes the paths for signal photons.

by the quartz window itself. Since a SNSPD can detect photons in the near infrared, thermal
emission is able to cause unwanted counts. Thermal photons can be suppressed by blocking
all optical paths with a cold thermal shield and by the use of cooled high pass filters in all
paths needed for optical access to the SNSPD.

A main source of noise counts for an integrated SNSPD is the laser used for QD excitation,
which has an intensity much larger than the intensity of the QD emission. In a QPIC the
QD is spatially separated from the detector by a few hundred millimeters to micrometers and
all paths on which stray light may reach the detector need to be considered. Laser light can
be diffracted and scattered by dust particles and impurities at the optical window (3) or at
the cryostat walls (4). After reaching the substrate, the behavior of photons depend on the
wavelength. Photons with a wavelength larger than 817.3 nm have an energy smaller than the
band gap energy of the GaAs substrate [203] and are able to travel through the substrate at a
low loss. They may be reflected at the backside (5) of the substrate or the conductive silver
glue and are scattered and may travel to the detector through the substrate. Photons of smaller
wavelengths, and consequently with energies higher than substrate band gap are absorbed in
the GaAs by exciting electrons into the conduction band of the semiconductor. Since GaAs
has a direct band gap, the excited electrons can relax to the valence band by emitting secondary
photons (6) which may reach the detector. Direct stray light (3) and photons that reach the
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Figure 7.10: SEM images of the sample for investigation of noise counts. a) Overview of the full chip from top. b)
Both SNSPDs relative to each other from top. c) Inclined image of one detector with AIN/Al cover on
the left and one not covered detector as reference.

detector without travelling through the substrate may be removed by the implementation of a
non-transparent cover layer. The probability of photons to be scattered towards the detector
can be influenced by the backside topography of the substrate and the excitation angle of the
pump laser.

In the following sections, the amount of noise counts is characterized and evaluated regarding
their origins. The influence of thermal counts and electrical noise is evaluated by the compar-
ison of the free space to a fiber-coupled setup. The origins and the reduction of stray light is
investigated by the deterministic use of AI/AIN cover layers. The influence of the topography
of the substrates’ backside is examined by the comparison of stray light for single-side and
dual-side polished substrates and the laser excitation angle.

7.3.1 Chip Design

To investigate the origins of noise counts, two SNSPDs were placed next to each other at
a distance of 50 um (fig. 7.10). The local proximity of the detectors obviates differences
in NbN film thickness and other local variations that may occur during fabrication. The
characterization of both detectors is done in the same cooling cycle to provide the best
possible comparability. One SNSPD is deterministically covered by a 20 um x 20 um AI/AIN
patch (fig. 7.10c). The covering was done using 20 nm of AIN as an insulating and transparent
spacing followed by a 110 nm thick non-transparent Al-layer.

The cover prevents the illumination from the top but still allows illumination through the
substrate. By a variation of the excitation wavelength, the absorption properties of the
substrate can be used to modulate the photon flux through the substrate.
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Figure 7.11: Bias-current dependence of the DCR of a SNSPD in the fiber-coupled (black) setup at 4.2 K and the
free-space setup (red) at 4 K. The lines are exponential fits to different regions of the bias dependence:
a) Exponential fit (black solid line) to the DCR in the fiber-coupled setup. b) Exponential fit (red solid
line) to the DCR of the free-space setup below 93 % of the critical current Ic. c¢) Exponential fit (blue
solid line) to the DCR of the free-space setup above 95 % of the critical current Ic.

7.3.2 Setup-Dependent Dark Counts

To investigate the dark and thermal counts, detector dark counts in the free-space setup are
compared to dark counts of the fiber-coupled setup (4.3 in chapter 4). In both setups, the
detector is operated at a similar temperature: ~4 K in the free space and 4.2 K in the fiber-
coupled setup. The same bias and readout electronic was used. The main difference between
both setups, beside from the optical part, is the thermal environment. In the fiber-coupled
setup the full sample chamber is at a temperature of 4.2 K. Hence, all bodies with a direct
optical path to the detector are at the same temperature as the detector, including the fiber tip.
In the free-space setup the detector and sample holder are at a temperature of ~4 K. Whilst
most direct optical paths are blocked by a thermal shield at a temperature of *20 K, the two
square openings for optical access in the thermal shield with dimensions of 5 mm X 5 mm
each face a quartz window at room temperature (=300 K). In the fiber-coupled setup, dark
counts were characterized by blocking the fiber input at the dipstick. In the free-space setup
dark counts were measured using conditions comparable to the conditions of a fully integrated
experiment. The measurement takes place in a dark room with excitation lasers blocked. A
cloth is placed around the cryostat, to block all but the optical paths that are used for QD
excitation and observation.

The dark count rates were measured in dependence of the bias current in both setups using
a single, non covered SNSPD (fig. 7.11). In the fiber-coupled setup a mono exponential
increase of the DCR with increasing bias current can be seen (a), which fits very well with
the behavior expected for intrinsic dark counts [146]. In the free-space setup, the DCR is
more than 2 orders of magnitude higher. Two different dark count regions are visible: at
bias currents below 93 % the DCR follows an exponential increase (b) with the bias current.
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Figure 7.12: Calculated spectral power density at 300 K (red) and 20 K (blue) using Planck’s law.

Close to Ic a stronger exponential dependence is observed (c). The two different inclinations
indicate two different causes for the observed dark counts. The dependence of the dark count
rate close to the detectors I is associated with the intrinsic dark counts of the detector. The
intrinsic dark count rate of the SNSPD in the free space cryostat (c) is significantly higher
than what was seen in the fiber-coupled cryostat (a). Since for both cases the SNSPD is at
a similar operation temperature, an increase in the intrinsic DCR can be caused by a weaker
thermal coupling, by vibrations or by temperature fluctuations in the flow cryostat. Since the
main differences in both setups is the thermal environment of the detector, the dark counts
with dependence (b) are probably caused by thermal emission. Direct sources for thermal
radiation in the free-space setup have to be considered: the 20 K thermal shield or thermal
emission at 300 K by the quartz windows and thermal emission that may enter through the
quartz windows.

The spectral power density of a black body radiator can be calculated using Plank’s law and
is shown in fig. 7.12. For a black body with 300 K the emission of radiation starts in the
near infrared. The thermal emission at 20 K starts in the mid-infrared with a power density
orders of magnitudes smaller in comparison to the emission at 300 K. Whilst the SNSPD is
in the probabilistic detection regime, which explains the exponential dependence, it will still
detect photons in the near and mid infrared. However, since the thermal emission at 20 K has
a considerably lower power density and occurs at longer wavelengths, where the detector has
a lower DE, it can be concluded that the thermal shield does not significantly contribute to
the measured dark counts.

In summary, in the free-space setup the DCR is significantly increased due to thermal radiation
stemming from the room-temperature optical windows and laboratory environment. Close to
Ic an increase of the intrinsic DCR may be caused by weaker thermal coupling, vibrations or
temperature fluctuations in the flow-cryostat. An optical high pass filter at the 20 K thermal
shield should be able to significantly reduce the amounts of thermal dark counts.
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Figure 7.13: Sketch of the illumination of the detector area using a broad beam.

7.3.3 Stray Light

Since stray light from the excitation laser is one of the main sources for noise in a QPIC,
the influence of stray light is quantified and the origins are evaluated. The investigation is
done using top illumination of the sample at different positions relative to the detectors in the
following section. External photon sources with two different spot profiles are used: a broad
beam with a spot diameter of ~1.5mm and a focused spot with a diameter of ~2pum. The
broad spot illumination simulates the influence of spatial distributed stray light on-chip and
allows the evaluation of the effectiveness of a detector cover to reduce stray light from spatially
distributed photons. A focused spot allows the simulation of stray light of an excitation laser
during QD operation. The stray light is investigated in dependence of the excitation distance
to the detector by a spatial movement of the excitation spot on the sample. By the use of
single-side polished as well as dual-side polished substrate, the influence of the backside
topography of the substrate on stray light is investigated. The unpolished backside with a peak
to peak roughness of ~10 pum of the single-side polished sample offers a variety of reflection
angles and a diffuse reflection is expected. The dual-side polished substrate has an atomically
flat polished back surface, which may allow a more directed reflection. A tilt of the excitation
laser is investigated as a method to reduce stray light on the SNSPD by directed scattering of
the excitation laser away from the detector.

Broad-Beam lllumination

The investigation with broad beam illumination was performed using the fiber-coupled setup
described in detail in section 4.3 of chapter 4. In the beginning of each experiment, the fiber
is centered on top of both detectors perpendicular to the substrate. A sketch of the sample
illumination is shown in fig. 7.13. The use of a multimode fiber with a core diameter of 105 um
and a numerical aperture NA of 0.22 at a distance of more than 3.5 mm to the substrate, leads
to a broad illumination spot with a diameter of at least 1.5 mm on the substrate. This diameter
is much larger than the diameter of the detector (8 um) and the distance between the detectors
(50 um), so both detectors are homogeneously illuminated. The sample is characterized over
a spectral range from 400 to 1700 nm, with a focus on 900 nm as the main wavelength of the
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Figure 7.14: Detection efficiency in dependence of the bias current for the SNSPD with (closed-symbols) and without
(open-symbols) cover mirror. Blue shows the data for 2 = 650 nm and red for 2 = 900 nm.

QDs. The absorption characteristics of GaAs can be used to evaluate the amount of photons
that reach the detector through the substrate and from the top and allows the evaluation of the
blocking efficiency of the top cover.

The bias dependence of the DE is shown in fig. 7.14 for a (a) single-side polished and a (b)
dual-side polished substrate. The detector with cover mirror is depicted in open symbols
and the detector without in closed symbols. The bias dependence was recorded at 650 and
900 nm. At a wavelength of 650 nm the photon energy exceeds the band gap energy and the
photons are absorbed in the substrate. At a wavelength of 900 nm the substrate is transparent.
The DE increases with increasing bias current. The DE is higher for the open SNSPDs. At a
wavelength of 900 nm the efficiency has the same order of magnitude for the open, as well as
the covered detector. At a wavelength of 650 nm the covered detector has a suppressed DE in
comparison to the open detector. DE for the closed SNSPD is reduced by a factor of 700 on
the single-side polished substrate (fig. 7.14a) and by a factor of 1700 on the dual-side polished
substrate (fig. 7.14b).

The wavelength dependence of the DE was measured for /g = 0.9/¢ and is shown in fig. 7.15.
For open detectors, the DE decreases with increasing wavelengths. At wavelengths longer
than the direct bandgap of GaAs, the substrate gets transparent and the detection efficiency
increases by 70 % for the single-side polished substrate and 32 % for the dual-side polished
substrate. The DE of the covered SNSPDs is several orders of magnitudes lower than the DE
of open SNSPDs as long as the photon energy is smaller than the bandgap energy. For higher
energies, at wavelengths longer than 818.3 nm, the DE increases to a level in the same order
of magnitude as for the open detector. The suppression of counts for photon energy above the
bandgap in the order of three to four magnitudes confirms the high reflectivity of the cover
mirror. The DE dependency in the range of 400 to 500 nm for the covered detector could be
caused by the radiative recombination of excitons generated by photo-excitation with a higher
probability towards higher photon energies.
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mirror. For SNSPDs on single-side polished substrate in (a) and on dual-side polished substrate in (b).
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(b).
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Figure 7.17: Measurement with focused beam illumination.

To allow a direct comparison, the suppression of the DE by the cover mirror was calculated
as 1 — DEmjrror/DEgpen (fig. 7.16). DEnror is the DE of the covered SNSPD and DEpen
of the open SNSPD. For both substrates the DE suppression by the cover in dependence of
the bias current is compared in fig. 7.16a at 4 = 900nm. The spectral dependence of the
DE suppression by the cover for both substrates is compared in fig. 7.16b. On the single-
side polished substrate the count rate is suppressed by ~20 % and on the dual-side polished
substrate by 50 %. In the spectral dependence, short wavelength stray light is efficiently
suppressed on both substrates. This proves a high efficiency of the applied cover mirror to
block the direct light path to the detector. For wavelengths slightly longer than the bandgap
wavelength the DE suppression is =40 % stronger for the dual-side polished in comparison
to single-side polished substrate, which decreases to =15 % at 1700 nm. A suppression of
only 20 % (50 % for DP) by the mirror for photon energies below the bandgap suggests
that the predominant number of photons reach the detector indirectly through the substrate.
This shows the importance of blocking photons from entering the substrate. The improved
suppression by the use of a dual-side polished substrate suggests that the reflexion properties
of the substrate backside interface play an important role in reducing spatially distributed
stray light.

Focused-Beam lllumination

The response of the open and covered SNSPDs was investigated with focused beam illumina-
tion at 900 nm. During the focused beam illumination experiment, the samples were operated
in the free-space setup (section 7.2). The focused laser spot has a round Gaussian spatial
distribution on the sample with a diameter of 2 um at which point the intensity drops to 1/¢>
of its intensity at the peak. The illumination is done perpendicular to the substrate surface at
different distances to the SNSPD (fig. 7.17). The laser was focused on the sample surface,
centered on the corresponding detector for reference and than moved away. The benefit of
the detector cover and substrate choice is evaluated. In the end of this section, the effect of
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Figure 7.18: Stray light on a SNSPD, in dependence of the excitation distance. (a) Count rate comparison for an
open (black open symbols) and a covered detector (red closed symbols). Solid lines are exponential fits.
(b) Count rate comparison for an open SNSPD on the single-side polished (red circles) and dual-side
polished (black squares) substrate. The dashed lines are to guide the eye.

a modified excitation angle @ of the pump laser is investigated for SNSPD on a dual-side
polished substrate.

The stray light count dependence on the excitation distance to the detector from 100 to 2000 um
is shown with and without a cover mirror in fig. 7.18a. The investigation was done at
Iy = 0.91c. The data shows an exponential dependence up to a distance of ~1600 um. For
longer distances the count rate stays at an almost constant level with some fluctuations in
dependence of the exact position of the beam. Stray light is suppressed by a factor of 2.6 at a
distance of 1000 um by the use of the AI/AIN cover. From an exponential fit to the distance-
dependent count rate, an attenuation of stray light in dependence of the excitation distance can
be extracted to 23.8 dB/mm for the open detector and 25.4 dB/mm for the closed detector.
The count dependence on distance for the single-side polished substrate in comparison to the
dual-side polished substrate is shown for SNSPDs without cover in fig. 7.18b. The count rates
were normalized to unity at a distance of 100 um. The count rates decrease exponentially
until they level out. For the dual-side polished substrate the count rate levels out at a distance
of 1000 um, while a further decrease is seen for the single-side polished substrate. At a
distance of 1000 um the count rate is reduced by a factor of 80 for the single-side polished
substrate compared to a factor of 500 for the dual-side polished substrate. The exponential
decay for small distances in combination with a flat count rate dependence on distance for
distances larger than 1000 pm indicates two mechanisms for stray light to reach the detector.
The first is dependent on the distance of the excitation laser to the detector, the second is
spatially independent. Scattered light inside the chamber is a strong candidate for the second
mechanism. Since the movement of the laser is small in comparison to the size of the sample
chamber, it should be independent of the excitation position on the substrate.

To further reduce the amount of stray light seen by the detector, a slight incline of the excitation
laser was tested on the open SNSPD on the dual-side polished substrate. The idea is that
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Figure 7.19: Differences in the stray light count rate for laser illumination at an angle @ of 90° and an angle of 85°
to the dual-side polished substrate. The count rate was normalized on the laser power.

the polished backside may be used as a "mirror" to reflect photons from the excitation laser
away from the detector. Since the angle of incidence is equal to the angle of reflection, an
inclination of the excitation laser relative to the backside plane is necessary to scatter stray
light in a defined direction. As a test, the laser inclination is changed by 5° (@ = 85° fig. 7.17)
from its previously perpendicular position in relation to the backside plane and compared to
the original position (fig. 7.19).

Close to the detector the stray light is reduced by the inclination. However, at a distance larger
than 60 um from the detector no influence of the inclination on stray light can be seen.

In conclusion, to minimize noise counts on the detector, several parameters of the experimental
setup can be optimized. Ideally, a fiber-coupled setup in combination with shielding for
thermal radiation should be used to minimize dark counts. Stray light affecting the detector
can be efficiently reduced by the use of a direct cover on top of the detector and by utilizing
a dual-side polished substrate. Other modifications might prove even more efficient, like an
anti-reflection coating on the backside in combination with an absorber, allowing for photons
to exit the substrate at the backside of the sample and be absorbed. A small inclination of the
excitation laser away from the detector reduces stray light if the QD is close to the detector,
but is not efficient at longer excitation distances. However, this does not conclude that a larger
angle is not efficient in reducing stray light. However, larger angles may not be feasible for
an efficient excitation of QDs. Furthermore, two different mechanisms for stray light were
found. One is position-dependent and can be significantly reduced by exciting QDs at a
distance larger than 1 mm to the detector, and a second, weaker one is a position-independent
mechanism.
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Figure 7.20: a) Sketch of a WG-SNSPD with WG taper. b) SEM of the WGs faced shows the WG cross-section. The
position of the self-assembled QDs inside the WG is indicated by the red line.

7.4 Waveguide Integrated SNSPDs and QDs

To make the next step towards a fully integrated circuits, SNSPDs were integrated onto straight
waveguides along with QDs. A sketch of the utilized design is shown in fig. 7.20a. A 580 nm
wide single-mode waveguide is patterned onto a sample with embedded QDs. The SNSPDs
are integrated onto the WGs after a 250 um long taper. The samples were mounted inside
the free-space setup for a full characterization. Photons can be excited in the WG, guided
and detected by the on-chip SNSPD or coupled out at the other side of the sample through a
cleaved faced and characterized off-chip. A SEM of the cleaved faced is shown in fig. 7.20b.
This enables the investigation of the visible brightness of the integrated QDs, the absorption
properties of the used WG and the amount of laser stray light coupling into the WG on- and
off-chip. The on-chip generation and detection of photons is demonstrated. Using the QD
brightness in relation to counts caused by noise sources, a SNR can be extracted. The SNR is
investigated in respect to the excitation distance to the detector and characterized for resonant
and above-band excitation of the QD. The laser excitation is performed perpendicular to the
substrate surface from the top and is, therefore, also perpendicular to the WG. By exciting
perpendicular to the WG, most laser light should be reflected perpendicular to the waveguide
and should not propagate inside the WG [68].

7.4.1 Above-Band Excitation and WG Absorption Characteristics

The excitation of WG-integrated QD was investigated off-chip using the spectrometer. The
QDs were excited using above-band excitation with a focused spot at 4 = 800 nm. With an
excitation wavelength at an energy significantly larger than the QDs energy level, QDs in the
whole laser spot are excited (see: section 2.2.1). The randomly excited QDs together form a
QD ensemble. Emitted photons are guided inside the waveguide and couple into free space.
They are collected by a microscope objective and guided to a spectrometer. The measured
spectral intensity of the QD photo luminescence (PL) is shown in fig. 7.21a. By moving the
spot on the WG, QD ensembles are excited at different distances to the cleaved edge. The
emission of excited QDs is in the range of 865 to 895 nm, with a main number of QDs emitting
atawavelength of 872.5 + 7.5 nm. The PL intensity over the investigated spectrum is summed
up and plotted in dependence of the distance to the WG edge in fig. 7.21b. The scatter of
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Figure 7.21: Above-band excitation of QDs in a WG at different distances to the cleaved edge. (a) shows the PL
intensity spectrum for different distances to the cleaved edge. The distance is indicated in pm on the
right side of the graph. (b) accumulated intensity in dependence on the traveled distance of photons in
the WG. The red line is an exponential fit to extract the attenuation.
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Figure 7.22: Cross section of the WG to visualize of the move path for the excitation laser.

measured values is caused by a spatially dependent number of excited QD and a changing
excitation efficiency for the corresponding QD ensemble at each position. The QD density is
not identical at each position and their polarization does not always fit to the polarization of
the excitation laser. Out of an exponential fit to the data, the optical attenuation of the WG is
extracted to be 9.6 dB/mm. This value is rather high compared to state of the art absorption
values of 2.6 + 0.6 dB/mm [67] for GaAs WGs in the investigated spectral range. A higher
surface roughness of the WG can be a possible reason for the higher attenuation.

7.4.2 On-Chip Emission and Detection of Photons

The detection of QD photons was investigated on-chip using integrated waveguide SNSPDs
(WG-SNSPD). WG-SNSPDs together with WG-integrated QDs allow the characterization
of the on-chip signal-to-noise-ratio by deterministically "toggling" the QD emission. The
coupling and guiding of laser light inside the WG is characterized by moving the excitation
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Figure 7.23: Count rate in dependence on the position of the excitation laser. The dependence for above-band
excitation (800 nm & 814 nm) is shown in blue, and for below-band excitation (890 nm & 900 nm) in
red. The count rate for the SNSPD is shown in triangles and the count rate for the APD in stars. Solid
lines are fits to the measured data.

laser across the WG. The experiment was performed for a wavelength above-band at A4 =~
800 nm to excite QDs and below-band at 4 = 900 nm to investigate stray light without QD
excitation. The SNR for an open SNSPD on a single-side polished substrate is compared to
the SNR of a SNSPD utilizing a cover mirror on a dual-side polished substrate.

The experiment is sketched in fig. 7.22. First, the laser was focused on the substrate at a
distance of 20 um from the WG and then moved perpendicular across the WG. The distance to
the SNSPD during measurement was 1200 um for the single-side polished substrate (fig. 7.23a)
and 300 um for the dual-side polished substrate (fig. 7.23b). The distance to the cleaved WG
facet was 50 um in both cases. The photons are guided in the waveguide towards the integrated
SNSPD and in the opposite direction towards the cleaved WG faced where they are coupled
into free space to an APD. In front of the APD a long pass filter with a cutoff at 865 nm was
placed to filter out the laser light during above-band excitation.

When moving the laser at an above-band wavelength towards the WG, the count rate is flat
until it starts rising at a distance of =5 um from the WG center and reaches a maximum in
the middle of the waveguide. The behavior repeats in reverse symmetry when moving off the
WG. The flat count rate at a distance is caused by stray light counts. When the light spot of
the excitation laser overlaps with the WG, QDs are excited in the waveguide causing a strong
rise of the count rate. For below-band excitation, the count rate stays flat: no additional stray
light can be seen when the exciting laser is on top of the WG. Hence, no coupling of laser
photons into the WG is observed. To calculate the signal-to-noise ratio, the maximum count
rate was extracted from a fit to the measured data points. For the fit we assume that the
QDs are homogeneously distributed in the WG, their coupling efficiency to the waveguide is
position-independent and they will only be excited by direct laser light. The count rate of the
detector is directly proportional to the number of excited QDs with an offset by stray light.
The emission of QDs is directly proportional to the area of the laser spot that overlaps with
the WG, weighted by its intensity profile. Since the diameter of the laser spot djaser iS Way
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smaller than the length lyg of the WG, the WG can hereby be resembled by a one dimensional
rectangular function M(x), and the position dependence of the count rate can be expressed as:

0 when |x| >

Swe(x) = Neount - M(x) = { (7.1)

[STNT S

ncount When | X | S

where x is the position of the laser spot relative to the middle of the WG and w is the width
of the WG. ncount is the probability of a laser photon exciting QD photon emission that is
detected by the SNSPD. The laser spot is assumed to have a 2 dimensional Gaussian shaped
intensity distribution on the substrate. As djaser << lwg, the laser spot can be expressed as a
one-dimensional Gaussian distribution:

302
Saser(x) = Nphotons + ———¢€ ~laser, (7.2)

where Nphotons 18 the total number of photons in the laser spot, and oaser is the standard
deviation. The fit function is given by the convolution of the rectangular function with the
Gaussian distribution with a noise offset yo:

ffit = Nhoise counts + (fWG * flaser)(x) = Nhoise counts + /fWG(L)ﬁaser(x - L)dt (7.3)

z 1 _=0?

202
ffit = Nhoise counts + / ~ Tcount * Nphotons c————e “hserdlL. (7.4)

w
2

For fitting, the count rate at a distance of 20 um from the WG core was used for Nyoise counts
and the width w was set to the width of the WG, which is 580 nm. The fit function fits very
well to the measured peak, however, it fails to include the observed initial rise of the count
rate close to the WG. This count rate increase can be explained by the presence of an airy disk
around the laser spot caused by diffraction. Since the intensity of the airy disk is orders of
magnitude lower, the used fit function nevertheless allows an accurate extraction of the peak
height and width of the spot size of the excitation laser. The diameter of the laser spot was
extracted as the diameter where the area of the Gaussian profile outside the diameter reaches
1/€? of its overall area. For the measurement on the single-side polished substrate, the spot
diameter is extracted to 2.1 + 0.1 um and on the dual-side polished substrate to 2.7 + 0.2 um.
The SNR was calculated as the number of detection events caused by photons emitted by
the QDs (Ngp-photons) in relation to the measured Nyoise counts- NVQD-photons i determined by
subtracting Nyoise counts from the total number of detection events (Niotal counts)-
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Figure 7.24: Above-band laser excitation experiment for different positions of the laser spot on and off the waveguide.
The dashed line shows the move path of the laser relative to the WG.

SNR = NQD-photons _ Niotal counts — Nnoise counts (1.5)

N, noise counts N noise counts

The SNR for the WG-SNSPD on the single-side polished substrate is 7.9 and 79 for the
off-chip APD. With the dual-side polished substrate a SNR of 47 is reached for the SNSPD
and a SNR of 561 is reached off-chip at the APD. After subtraction of dark counts of the
SNSPDs used, the on-chip SNR is calculated to 8 for the single-side polished substrate and to
58 for the dual-side polished substrate. The higher SNR of the APD is associated with a lack
of stray light. However, the absolute count rates and the corresponding detection efficiencies
are significantly higher for the WG-SNSPDs. The SNR of the SNSPDs cannot be directly
compared since the waveguide is shorter in the dual-side polished substrate case. A larger
SNR for the detector with Al-cover on a dual-side polished substrate is in good agreement
with the findings in section 7.3.3. The considerable difference in the SNR measured oft-chip
between both samples is caused by a higher excitation power of the laser for the measurement
on the dual-side polished sample. In addition, the spot diameter is larger, which means more
QDs are excited. The measured SNR would lead to a theoretical g,(0) value for single-photon
emission of 0.212 (0.209 without DCR) for the single-side polished substrate and of 0.04
(0.03 without DCR) for the dual-side polished substrate. This is sufficient for an on-chip
experiment on a single-photon level. However, an ensemble of QDs was excited in this case
and not a single-QD. The emission intensity for a single QD is expected to be lower, which
decreases the SNR. The lack of laser photons coupled into the WG shows that a WG-integrated
spectral filter would not improve the SNR.

7.4.3 Optimal Excitation Distance

For a SNR as high as possible, the optimal excitation distance of the QDs to the SNSPDs
needs to be found. While stray light was shown to decrease (section 7.3.3) with a larger
distance to the detector, until it reaches a spatially independent base level, QD emission will
be attenuated inside the WG in dependence on the WG length. Consequently, an optimal
excitation distance is expected. To evaluate the optimal excitation distance, QDs were exited
above-band inside the WG at different distances to the SNSPD. The experiment was performed
using a WG-SNSPD on a single-side polished substrate without Al cover. The experiment
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Figure 7.25: Count rate and SNR dependence of the excitation distance to the WG-SNSPD. (a) The count rates are
normalized to the excitation power and depicted without dark counts. The black squares shows the
count rate dependence while exciting QDs in the WG, the red circles the count rate while moving the
laser in parallel to the WG at a distance of 10 um. The blue solid lines are exponential fits to the data.
The dashed lines separates different parts of the WG structure (see fig. 7.24). (b) shows the SNR ratio
calculated from (a).

is sketched in fig. 7.24. For the investigation, the laser was set to a wavelength of 800 nm
and positioned in the middle of the SNSPD. It was then moved away step by step from the
SNSPD on top of the taper and the WG. As long as the laser spot sits on the taper or the WG,
QDs are excited and the Qd-emission is observed by the on-chip SNSPDs. To characterize
the dependence on distance for stray light, the same experiment was repeated in parallel to
the taper and WG, at a distance of 10 um, by moving the laser spot over the substrate.

During measurement the laser power was adjusted to keep the count rate in the single-photon
regime on the SNSPD. The count rate normalized on the excitation power, in dependence on
the laser position is shown in fig. 7.25a. To be able to compare the measured data points
for different excitation powers, the DCR was subtracted. Whilst moving the excitation laser
on the WG, the count rate behaves differently in dependence on the underlying WG part. In
the first part, the SNSPD is directly illuminated by the laser spot and the detector counts are
mainly caused by direct laser light. The count rate at this point is proportional to the area
overlap of the SNSPD with the laser spot and a flat dependence is visible while the full spot
sits on the detector. The second part is the linear WG taper. The taper starts at a distance
of 5um from the middle of the detector and ends at a distance of 255 um. At the start the
taper has a width of 10 um and photons in the full area of the 2.1 + 0.1 pm wide spot excite
QDs in the taper. At the end of the taper it has a remaining width of 580 nm, so only the
inner part of the spot excites QDs. Furthermore, the local loss of photons in the taper changes
because of the changing width: for a broader width, absorption effects at the etched side walls
are less relevant. The third part is the 580 nm wide WG. The change in count rate in the
WG region reflects the attenuation in the WG and follows an exponential dependence with an
attenuation of 15.48 dB/mm. However, a large scatter in the observed count rate is present,
caused by the random distribution of QDs in the WG. The QD density fluctuates over the chip
and the coupling efficiency to the WG is dependent on the QD position and its polarization.
A drift of the laser perpendicular to the WG during the measurement could further influence
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the scattering. Because of the small width of the WG a small drift of the laser can have
a significant effect on the effective area of the excitation spot on the WG. At a distance of
1260 um from the middle of the SNSPD, the count rate sharply drops since the excitation laser
drives of the end of the sample.

The stray light dependence recorded with excitation in parallel to the WG shows an exponential
dependence on the excitation distance with an attenuation of 3.5 + 0.2 dB/mm until a distance
of #1100 um to the middle of the detector where the count rate flattens out. The count rate
for stray light sharply drops when the laser spot moves off the sample at distance of 1260 um
to the middle of the SNSPD. The SNR calculated in dependence on the distance is shown in
fig. 7.25b. The SNR increases along the taper until the width of the taper gets smaller than
the width of the laser spot. The SNR then drops significantly until the taper reaches the width
of the WG. When on the WG, the SNR decreases with increasing distance to the SNSPD. For
the characterized sample, the length of the WG should be kept as short as possible to ensure
a high SNR. The reason for this is the high attenuation of the photon intensity in dependence
on the length of the WG with 15.48 dB/mm in relation to the attenuation of the stray light in
dependence on the distance to the SNSPD with 3.5 + 0.2dB/mm. Absolute SNR values for
further measurements cannot be concluded as the WG absorption measured is significantly
higher than for state of the art WGs (2.6 + 0.6 dB/mm [67]) and, in addition, the SNR was
measured for a QD ensemble and not for a single QD. A WG with an attenuation below
3.5+ 0.2dB/mm would allow for an improvement in SNR for a longer excitation distance.
In this case the best SNR will be reached at a distance of ~1100 um to the SNSPD, since for
larger distances the stray light does not show further attenuation and the SNR would decrease.

7.4.4 On-Chip Detection of Emission of a Resonantly-Excited QD

After the response of the WG-SNSPD to photons emitted from a QD ensemble, the response
of the detector to the emission of a single resonantly QD was investigated. To choose a
QD to resonantly excite, an ensemble of QDs was excited above-band and characterized
using the off-chip spectrometer. The resulting spectrum can be seen in fig. 7.26a. The
brightest line (at 872.56 nm) was picked and excited resonantly by tuning the excitation laser
to the QD wavelength, spectrally shaping it and stabilizing the emission using an above-band
stabilization laser at A = 633 nm (see section 2.2.1 of chapter 2).

The photo luminescence spectrum of the single resonantly-excited QD is shown in fig. 7.26b.
The laser background is characterized by a switching off of the QD excitation using optical
gating by the stabilization laser [128]. The SNR is hereby calculated as the relation of the QD
intensity to the background intensity Ig?i

S to 9. This SNR is sufficient for an experiment on a
single-photon level with detection off-chip.

The count rates on the WG-SNSPD in dependence on the relative bias current is shown for a
single resonantly-excited QD in fig. 7.27a. The stray light counts were measured by slightly
detuning the excitation laser from the resonance wavelength and subtracting dark counts. The
QD counts were measured under resonant pulsed excitation from the top and are shown after
subtraction of dark and stray light counts. The dark count rate shows traces of thermal count
(section 7.3.2). The number of measured stray light counts is higher than the number of QD
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Figure 7.26: (a) Photo-luminescence spectrum of a QD ensemble in the WG for above-band excitation. (b) Photo-
luminescence spectrum of a single resonantly-excited QD in the WG (black) at 872.56 nm. The laser
background on the spectrometer is shown in blue and was fitted with a Gaussian (red) function.
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Figure 7.27: Bias dependence of the SNSPD count rate (a) and SNR (b). The bias depencence of the count rate for
dark counts in black, stray light counts in red and QD counts in blue.

counts and significantly higher than dark counts. The SNR is shown in dependence of the
SNSPD bias current in fig. 7.27b. It can be seen that stray light is the most dominant source
for noise counts. Since stray light is registered on the SNSPD with the same DE as QD
photons, the SNR scatters around ~0.32 independent of the bias current. A SNR of 0.32 is
not sufficient for a successful measurement on the single-photon level and the SNR needs to
be improved further.

7.4.5 On-Chip Decay Time Characterization

To evaluate the possibility of time gating to improve the SNR for the experiment, the timing
characteristic of the resonantly-excited QD is evaluated on-chip. Time gating can be used
to cut out laser stray light during pulsed-resonant excitation by utilizing the different time
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Figure 7.28: TCSPC characteristic of a resonantly-excited QD. The dashed lines are exponential fits to the data.

characteristics of the laser pulse in comparison to the emission of the QD. The laser pulse has
a length in the order of several picoseconds while the QD emits its photon over a time in the
order of several hundred picoseconds. The TCSPC measurement was performed by recording
WG-SNSPD pulses in relation to the trigger signal of the excitation laser as a time reference.

The time characteristics is shown in fig. 7.28. The first peak (1) and the second peak (2) are
caused by laser stray light while the tail (3) is caused by QD light. Since peak (1) is very sharp
and too short for shaped laser light, it can only be explained only be explained by stray light
from the excitation laser before spectral shaping that enters cryostat from free space due to
insufficient shielding. After pulse shaping, the pulse length of the laser is significantly longer
and a decay time of 94.0 + 1.5 ps is extracted out of an exponential fit to decay of the second
peak (2). The decay time of the QD is extracted by an exponential fit of the tail (3). The
fit reveals a decay constant of 199.0 + 0.4 ps. This time fits very well to the expected decay
time of the excited QDs and can be attributed to QD emission. A SNR for the QD emission
of 0.46 can be calculated from the area of the fit to the QD decay behavior compared to the
total area of the measured time characteristic. This is too low for an on-chip measurement
on the single-photon level. By using time gating the laser peak can be cut out by utilizing its
faster decay. If only counts in a time window from 250 to 1500 ps are investigated, the SNR
increases to 2.6. However, only 28 % of the total QD emission are used for experiment. By
further decreasing the time window from 500 to 1500 ps, the SNR can be increased to 13 with
only 9 % of the total QD emission remaining. This would make fully on-chip measurements
on a single-photon level possible. However, since the main number of QD counts is also cut,
the measurement time needs to be increased significantly. Furthermore, the peak (1) can be
removed by improving the optical shielding of the cryostat.

7.4.6 Discussion

The on-chip emission and detection of photons was successfully demonstrated for a QD
ensemble excited above-band and a resonantly-excited QD. The measured brightness was
investigated along with noise counts to evaluate the SNR for a fully integrated experiment.
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Since the measured SNR of 0.46 for resonant excitation is too low for the demonstration of a
quantum-photonic circuit on a single-photon level, several actions have to be undertaken for
improvement. Whilst measurements using pulsed excitation are possible by filtering out the
excitation laser using time gating, time gating has several disadvantages: a large amount of
QD photons are filtered out and it does not work for cw-resonant excitation. However, several
measures were found that improve the SNR: for a WG attenuation below 3.5 + 0.2 dB/mm
the optimal excitation distance to the SNSPD is ~1100 um, for a higher WG attenuation the
QD excitation should be performed as close as possible to the taper. At this distance, using a
cover layer on the SNSPD reduces the stray light counts by a factor of 2.6 since direct stray
light is blocked from the SNSPD. A further reduction by a factor of 3 to 6 at this distance
is achieved by the use of a dual-side polished substrate. Further samples were made with
sputtered silicon and germanium as absorber on the back side of the substrate but could not
be characterized. Silicon was sputtered on the backside before detector fabrication, but the
adhesion of sputtered silicon to GaAs was too low and did not survive the fabrication process.
Gallium was sputtered after sample fabrication on a sample containing QDs and WG-SNSPD.
However, the WGs were damaged and the chip could not be characterized. No stray light in
the WG was measured on-chip. So for a covered SNSPD, all stray light reached the detector
through the substrate. Therefore, a better shielding of the detector can be reached by using
large covers on the full chip to prevent stray light photons from entering the substrate. At
the level of the 20 K thermal shield, the implementation of an optical high pass filters would
remove thermal counts from the system with the drawback of making resonant excitation
more challenging.

7.5 Fully On-Chip Integrated Quantum Circuit

Whilst the photon emission and detection on the same chip utilizing WGs and SNSPDs have
been demonstrated in the previous section, the integration of a photonic logical element and the
demonstration of the operation on a single-photon level is still missing for the demonstration
of a fully integrated quantum-photonic circuit. To demonstrate the opration on a single-photon
level, a full Hanbury-Brown and Twiss (HBT) setup is monolithically integrated on-chip. In
this section, the design of such a setup on-chip is introduced. All individual elements of
the setup are characterized and, finally, the first on-chip Hanbury-Brown Twiss measurement
is carried out and the results are evaluated. Results shown in this chapter are published
in [SSR*18].

7.5.1 Chip Design

An illustration of a fully integrated HBT setup is shown in fig. 7.29. Two single-photon
detectors need to be integrated on a WG together with a BS with a splitting ratio close to
50/50 along with a WG-integrated single-photon source. Al/AIN covers are deterministically
placed on top of the detector (not shown) and to the sides of the WG to block direct stray
light from the detector and stray light from entering into the substrate. The design consists of
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Al/AIN-cover

Figure 7.29: Tllustration of a fully integrated Hanbury-Brown Twiss experiment with two SNSPDs, a 50/50 beam
splitter (BS) and the excitation of a waveguide-integrated quantum dot. Reprinted with permission
from [SSR*18]. Copyright 2018 American Chemical Society.

Figure 7.30: Tilted SEM image of a fully on-chip HBT setup. The RF waveguides to readout and bias the detectors
are indicated in orange. Positions of the SNSPDs are shown in red, of the taper in blue and of the coupler
in green.

two single-mode GaAs WGs at a distance of 50 um with embedded self-assembled InGaAs
quantum dots. A waveguide-based directional coupler used as a beam splitter. After the beam
splitter, the WG is tapered to a width that allows the integration of two spiral type SNSPDs.
A SEM image of a chip without AI/AIN covers is shown in fig. 7.30.

For the full experiment a single quantum dot is excited resonantly by a laser in one of the WG
arms and emits photons that propagate in the WG in both WG directions. In one direction, the
photons travel 381 um in the waveguide to the end of the chip and are coupled into free space at
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Figure 7.31: a) Optical image of the sample from the top before the fabrication of covers. The coupler formed by the
two center WGs is connected to the detector. The coupler above and the WG below are test structures.
b) Optical image of the coupler region after cover fabrication. The cover fully covers the test structures.

the cleaved sample edge. In the other direction, the photons travel 1082 pum in the waveguide
and propagate across the 50:50 splitter to the two independent WG SNSPDs connected to the
output arms of the beam-splitter, SNSPD-1 and SNSPD-2. The beam-splitter has a length
of 150 um and a gap of 95 + Snm. After the BS the photons are guided in the 580 + 10 nm
wide waveguide for another 500 um until they reach the taper. The length of this WG allows
to cleave the sample between the SNSPD and the BS to investigate the SNSPDs and the BS
independent from each other. The used taper is a linear taper at a length of 250 um. Using
the taper the WG is broadened from a width of 580 + 10 nm to a width of 10 um to embed the
7.6 um wide SNSPD. The SNSPDs were structured out of a 4.2 nm thick NbN film on a 10 nm
thick AIN buffer layer. The NbN film has a critical temperature of 10.4 K. The SNSPDs were
fabricated in the double spiral design introduced in chapter 4. The nanowires have a total
length of 280 um, a width of 115 + 5nm and a gap of 85 + 5 nm between wires. The WGs,
including the BS, were patterned on the detector chip using electron beam lithography with
55nm thick HSQ resist and an etching process performed via inductively coupled plasma
reactive ion etching in Argon + SiCly atmosphere. After etching, the HSQ and the AIN buffer
layer remained on the WG. A top view optical image of the WGs including taper and splitters
is shown in fig. 7.31a. The additional WGs seen above and below the WGs connected to the
SNSDPs are test structures.

To improve the SNR and reduce stray-light counts of the SNSPDs, the design of the sample
was fitted accordingly. The SNSPDs were covered in a deterministic way using an AI/AIN
bi-layer (fig. 7.32). The AIN below the Al layer is used as a transparent spacing layer to prevent
absorption of WG-guided photons in the Al cover. The SNSPD covers have a width of 9 um
and a length of 10 um on the WG. Off the WG the cover is enlarged by a rectangular cover with
a width of 10 um and a length of 70 um. The enlarged cover further prevents photons from
entering into the substrate in close proximity of the detector. It was not further enlarged in
order to prevent an influence of the cover on the RF readout of the detector. Furthermore, the
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 SNSPD-

Figure 7.32: Tilted false-color SEM image of the covered SNSPDs. The Al cover is colorized in orange and the AIN
isolation underneath in blue.
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Figure 7.33: Absorption of photons in the Al-cover in dependence of the AIN thickness.

4.2 nm thick NbN layer of the RF line is semitransparent and absorbs 34 to 38 % of photons,
preventing them from entering the substrate. The absorption of photons in the Al-top layer
was simulated for the 10 pm wide WG in the detector region by Stefan Hepp. The simulation
results are shown in fig. 7.33. The simulation was done including the 50 nm transparent SiO,
layer that is left on the WG after patterning. At an AIN thickness of S0 nm only 0.32 % of
WG-guided photons are absorbed in the AI/AIN bi-layer over the length of the cover of 10 um
on top of the detector. Hence, an AIN thickness of 50 nm is sufficient. The transition from the
taper to the not structured readout area of the WG is not etched perfectly due to the proximity
effect during EBL (fig. 7.32). However, this should not be of much concern since it only
influences the last 5 um of the WG while the rest of the WG is homogenous.

In addition, to detector covers, AI/AIN covers are placed close to the waveguide structure
and in between the coupler arms to prevent the entry of thermal photons and photons from
the excitation laser and the stabilization laser into the substrate. The covered chip is shown
in comparison to the uncovered chip in fig. 7.31a, b. The covers consist of two rectangular
covers at a distance of 25 pm to the WG and BS structure over the full length of the etched
WGs, together with two rectangular covers next to the BS on both sides at a distance of 10 um
to the coupler and a length of 130 um and two covers in between the two waveguides at a
distance of 10 um to the WGs over the full length of the etched WGs. The distance to the WG
helps to reach a high fabrication yield without liftoff issues. The test WGs were overgrown
during cover fabrication.
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Figure 7.34: SEM image of the layer structure of the sample as seen for the cleaved faced of one of the fully covered
test WGs.
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Figure 7.35: Count rate as a function of the excitation distance to the cleaved WG end. The red line is an exponential
fit to the measured data and gives the absorption of the WG.

The resulting layer structure can be seen in the cross-section of the cleaved WG face of an
overgrown test WG (fig. 7.34). The WGs are fabricated on top of a 2 um thick Alp4GagcAs
layer out of a 370 nm thick GaAs-layer with integrated QDs at a height of 135 nm. The WG
is etched to a depth of 320nm. On top of the WG a 10 nm thick AIN buffer layer followed
by a 50 nm thick SiO, layer is present. The SiO; is a result of the WG fabrication with HSQ
resist and remains on the WG, SNSPDs and RF-readout lines. On the top, the AI/AIN bi-layer
that is used as a cover-mirror is visible. The AIN isolation layer has a thickness of 50 nm and
shows a smooth structure followed by a granular Al film with a thickness of 130 + 15 nm.
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Figure 7.36: Emission spectrum of an excited QD ensemble and the corresponding wavelength-dependent splitting
ratio. The red fit to (b) is a fit to the data with a sin? function. Figure (b) was reprinted with permission
from [SSR*18]. Copyright 2018 American Chemical Society.

7.5.2 Characterization of the Integrated Waveguide and Beam Splitter
Absorption of the Waveguide

The WG is characterized using above-band excitation of WG-integrated QDs at A = 800 nm.
The laser is focused on the WG and moved along whilst measuring the count rate off-chip
using an APD fig. 7.35. The WG attenuation was extracted using an exponential fit. The fit
reveals an attenuation of 9.3 + 1.1 dB/mm. This attenuation is higher than for state of the art
WGs, for which attenuation levels of 2.6 = 0.6 dB/mm were achieved [67]. Possible causes
for this higher attenuation are the surface roughness of the WG sidewalls and the remaining
of the AIN buffer layer on top of the WG.

Splitting Ratio of the Beam Splitter

The splitting ratio of the BS was characterized by excitation of a QD ensemble in WG arm
1 (see fig. 7.30 on page 146) on the SNSPD side of the BS and measuring the emitted
spectrum for both WG arms using the off-chip spectrometer. The emission spectrum is shown
in fig. 7.36a. Sharp spectral lines can be seen. Each of these spectral lines represents one
QD. To determine the wavelength-dependent splitting ratio, 18 lines out of the spectrum were
fitted by a Gaussian function for both WG arms. The splitting ratio was then calculated by
comparing the area of those Gaussian fits and is shown in fig. 7.36. Photons that cross the BS
and exit the WG at arm 2 are regarded as transmitted photons 7', while photons that exit the
BS at arm 1 are regarded as reflected photons R. The splitting ratio is then calculated as:

SR =

T (7.6)
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Figure 7.37: Polarization measurement of the emitted QD light from the sample in free space. The red line is a fit of
the intensity with a sinus.

The splitting ratio (SR) for any wavelength can be extracted by the use of a sin? fit in framework
of the super-mode theory. Further details on the super-mode theory for the splitting ratio can be
found in [110]. The QD investigated under pulsed-resonant excitation in the following sections
el6nits at a wavelength of approximately 876.1 nm. The splitting ratio at this wavelength is
56.7

n3E 4.4%, which is close enough to 50/50 to enable a HBT measurement.

Degree of Polarization

The polarization dependence of the emitted photons was investigated under resonant excitation
(for details see following section). For experiments utilizing indistinguishable photons it is
important to have an identical polarization of both photons. The single-mode WG design
supports two polarization modes in principle: the fundamental TE, as well as the fundamental
TM mode which are linear polarized modes with a polarization perpendicular to each other.
However, connected to the QD growth, the dipole moment of the QD is typically aligned
to the growth plane, with a TM mode perpendicular to the surface plane, which cannot be
excited by top excitation. Consequently, only a propagation of the TE mode in the WG is
expected [110]. The intensity was measured off-chip for different polarization angles by using
a linear polarization filter in the free space optical path. The result is displayed in fig. 7.37
and fitted by a sinus. Overall, a degree of polarization for the emitted light of 95 % could be
measured. This shows that only the fundamental TE-mode travels in the WG and most of the
emitted photons share the same polarization. The presence of only a single polarization mode
proves that the WG is indeed single-mode at the investigated QD wavelength.

7.5.3 Off-chip Characterization of a Single Quantum Dot

In order to investigate whether the quantum dot used is suitable for an on-chip experiment and
to provide a reference measurement for the on-chip experiment, the intensity, the emission
spectrum and the single-photon purity of the quantum dot were determined off-chip. The
off-chip characterization was performed for pulsed as well as cw-resonant excitation. The
quantum dot was chosen by excitation of a quantum dot ensemble in the WG on the cleaved
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Figure 7.38: (a) Intensity of emission for resonant excitation at different excitation wavelengths. Two excitation peaks
are visible, which indicates a fine-structure splitting (b). The solid red line of is a fit to the measured
intensity with a double-Voigt profile. (b) Model of the present fine structure splitting of the QD energy
level with two dipoles with an exciton level in horizontal Xy and one in vertical orientation Xy.

side relative to the BS by searching for a bright sharp line in the emission spectrum. A sharp
emission line was found at a wavelength of approximately 876.1 nm and further investigated
using resonant excitation. For CW excitation the laser was tuned to the wavelength of the
QD with a spectral width of the emission of 500 MHz. During pulsed-resonant excitation the
laser is set to the wavelength of the QD and has a spectral width of FWHM = 100 GHz. Using
a monochromator, the pulse is spectrally shaped to a FWHM of 15 GHz which results in a
pulse length of FWHM = 35 ps. The polarization of the excitation laser was chosen parallel to
the WG to suppress the coupling of the laser light into the WG [68]. In addition to the pump
laser, a low intensity stabilization laser at a wavelength of 633 nm was used for optical gating
to reduce charge fluctuations (see: section 2.2.1 in chapter 2). The stabilization laser has an
intensity of >1 % compared to the pump laser. The QD emission is guided over a length of
approximately 400 um in the WG, coupled out through the cleaved sample facet and send to
the off-chip spectrometer or the off-chip HBT setup.

Resonance Scan of the Integrated QD

The resonance spectrum of the QD was investigated by an adjustment of the excitation
wavelength with the pulse shaper. The measurement (fig. 7.38a) was done by performing
a sweep of the excitation wavelength from 876.095 to 876.012 nm close to the QDs energy
level and a recording of the QDs intensity response. In the response, two distinct intensity
peaks are visible: a first intensity peak at a wavelength of 876.101 nm with a spectral width
of FWHM = 1.78 GHz and a second intensity peak at a wavelength of 876.113 nm with a
spectral width of FWHM = 1.72 GHz. Each of the peaks is best fitted by a Voigt profile
and both can be fitted together by a double Voigt distribution, which is a convolution of a
Gaussian and Lorentzian function. The Lorentzian part represents the linewidth of the QD
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Figure 7.39: Off-chip photo luminescence (PL) spectrum of the quantum dot under pulsed-resonant excitation. The
black measurement points represent the PL intensity under resonant excitation. The blue points are
measurement with the excitation laser detuned from the resonant wavelength. The inset is a magnification
of the measured data at the foot of the visible peak. The gray line is a Gaussian fit to the laser background
and the red line is a Gaussian fit to the QD emission caused by the stabilization laser. Reprinted with
permission from [SSR*18]. Copyright 2018 American Chemical Society.

and the Gaussian part the spectral jitter of the QD. The presence of two peaks is a sign for
a fine structure splitting of the energy levels (fig. 7.38b) with a AE = 4.60 GHz or for the
presence of a second excited QD with a similar energy level. A fine structure splitting is
caused by an asymmetry in the QD. The spatial shape of the QD can be considered to be more
elliptical than round. The energy level of the QD is a sum of two different dipoles orthogonal
to each other with slightly different lengths with one exciton level in horizontal Xy and one
in vertical orientation Xy [221]. The fine structure splitting and respective linewidths for the
investigated QD is comparable to QDs in bulk material [219] and no degradation of the optical
quality due to the fabrication process can be observed. The absence of a broadening of the
linewidths indicates that the QD emission is not affected by surface effects [222], which gives
a likely position of the QD close to the middle of the WG [124]. To exclude the excitation of
more than one QD, further investigations are performed below.

Emission Spectrum

The photo luminescence (PL) spectrum of the QD emission was investigated and is shown for
pulsed-resonant excitation in (fig. 7.39). Stray light counts were characterized by detuning
the pump laser whilst maintaining intensity and are shown as blue measurement points. Stray
light counts caused by the pump laser were fitted with the Gaussian shown in gray and QD
emission caused by the excitation laser was fitted with the Gaussian shown inred. A SNR of 40
is calculated from of the individual areas. A SNR of 40 enables a theoretical g'®(0) = 0.048
in case the QD is an ideal single-photon source. Due to a smaller line width for CW-resonant
excitation, the QD excitation is more efficient and the SNR increases to 80.
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Figure 7.40: (a)Intensity of QD emission as a function on the square root of excitation power including (blue) and
excluding stray light (black) Reprinted with permission from [SSR*18]. Copyright 2018 American
Chemical Society. The red line is a fit of the optical Bloch equations to the data. (b) Coupling efficiency
of QD photons to the WG.

Power Dependence and Emission Efficiency of the Quantum Dot

The emission intensity of the QD was characterized off-chip using pulsed-resonant laser
excitation (fig. 7.40a). Excitation of the QD at the first maximum, which is connected to
the highest excitation efficiency, is called m-pulse excitation. A fit with the optical Bloch
equations reveals clear Rabi oscillations of the QD. This proves the presence of a coherent
excitation process. Out of the fit a state preparation of 70 + 1 % can be extracted. The state
preparation is the transition moment of the Rabi oscillations and gives the probability of an
excitation pulse leading to the emission of a QD photon. An exact description of the fitting
can be found in [124]. For the following experiments the QD was excited at 90 % of the
m-pulse. The coupling efficiency of QD photons to the WG was simulated using a finite
element time domain simulation by Stefan Hepp in dependence of the propagation distance
in the WG. Out of the simulation (fig. 7.40b) a coupling efficiency of 9.1 % for the TE mode
can be extracted for a propagation length >5um. Only 50 % of emitted photons couple to
the TE-mode and can propagate inside the WG. The traveling distance from the QD to the
cleaved WG edge is 381 um. With the previously measured WG attenuation, 44.2 + 4.7 %
of photons are transmitted. From the photons that couple out of the WG-facet 20.4 + 1.8 %
are collected [110]. The combined efficiency for a collected photon to go through the free
space optical path and to trigger an APD count was determined to be 4.13 + 0.49 % [124].
With the PRF of the laser of 76 MHz, the expected count rate on the APDs is calculated to
8113 + 3628 Hz. This fits very well to a measured count rate on the APDs of ~10 kHz within
the accuracy of the measurement.
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Figure 7.41: Second order correlation for QD emission under pulsed-resonant excitation characterized using the off-
chip setup. Reprinted with permission from [SSR*18]. Copyright 2018 American Chemical Society.

2nd Order Correlation

The quality of single-photon emission was characterized utilizing the off-chip HBT setup
with APDs to evaluate the single-photon emission of the QD with a conventional setup. To
compare the device performance between off- and on-chip detection, no spectral filtering
was used at the detection side of the experiment. The QD was excited at 90 % of the «
pulse. Under pulsed-resonant excitation coincidence peaks can be observed with a distance of
approximately 13 ns which corresponds to the repetition rate of the excitation laser of 76 MHz.
The number of coincidences are clearly suppressed at zero time delay of the detector responses
(fig. 7.41). By dividing the average intensity of the peaks at # # 0 with a width of 2.56 ns by
the number of coincidences at zero time delay, a g(0) of 0.08 + 0.03 can be extracted. The
non-vanishing part is caused by the remaining small amount of laser stray light, a possible
re-excitation of the QD due to pulse length of the laser excitation of 35 ps and an excitation of
the QD by the stabilization laser. The emission of the QD is, therefore, proven to be clearly on
the single-photon level and the two emission peaks during the performed resonance sweep are
caused by the fine structure splitting in the single QD and not by two QDs close to each other.
From the similar intensities for both fine structure emissions it can be concluded that the QD
polarization is rotated by close to 45° to the WG and, therefore, also to the laser polarization.

7.5.4 Detector Characterization

In order to evaluate the quality of the on-chip detectors, they were investigated using laser
light. The SNSPDs were characterized at a temperature of 4 K in the free-space setup using
laser emission from the top at a wavelength of 870 nm. Since the detectors cannot be directly
illuminated because of the AI/AIN cover, the laser was centered between both SNSPDs at
a distance of 25 um to the SNSPDs at a position without cover. Stray light reflected at the
backside of the substrate can be seen by the SNSPDs and is used for characterization. The
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Figure 7.42: a) Count rates as a function of the bias current of the detectors. Red squares show the count rates (CRs) by
excitation of the detectors with laser stray light. Black triangles show the DCR of the SNSPDs. Results
obtained on SNSPD-1 are shown in filled symbols and on SNSPD-2 are in open symbols. Dashed lines
show an exponential fit to the exponential trend of the DCR just before the SNSPD’s critical current. b)
Time response of the detected signal for both SNSPDs in correlation to the laser trigger, in filled symbols
for SNSPD-1 and in open symbols for SNSPD-2. The corresponding continuous lines are Gaussian fits
to the measured data. Reprinted with permission from [SSR*18]. Copyright 2018 American Chemical
Society.

Figure 7.43: SEM image of SNSPD-2, the exact position of the defect is shown in the inset.

SNSPDs were investigated regarding their bias dependence (fig. 7.42a) and timing character-
istics (fig. 7.42b).

Bias Dependence of the On-Chip SNSPDs

Between a bias current of 9 to 12 yA the count rate dependencies coincide with each other.
SNSPD-1 has a critical current of 15.9 pA and SNSPD-2 a critical current 13.5uA. This
limited critical current of SNSPD-2 stems from a 50 nm long single constriction. In the
constriction, the width of the nanowire is reduced from a width of 115 + 5 nm to a width of
85 + 5nm. Hence, SNSPD-2 is limited in count rate and corresponding detection efficiency.
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The bias dependence of SNSPD-2 shows a further influence of the constriction. At a bias
current of 6.3 pA, a strong increase in count rate can be seen which is caused by the constriction
becoming sensitive to photons. At approximately 9 uA, the count rate shows a second strong
increase since the full nanowire is sufficiently biased to get sensitive for single photons and
fully contributes to the measured count rate. This behavior is a clear sign for a constriction
defect in the detector [223] and is confirmed by the SEM image (fig. 7.43). Caused by the
indirect illumination and the unknown photon distribution of the stray light on the detector
the laser cannot directly be used for the characterization of the DE. Hence, the detection
efficiency (DE) is characterized using a single resonantly-excited QD on-chip. This has
the further advantage that, by calculating the DE out of the QD emission, the DE for the
experiment can be extracted. The laser excites the QD at a repetition rate of 76 MHz. With
the power-dependent measurements in section 7.5.3 giving a state preparation of 70 = 1 %,
the calculated coupling efficiency of the QD of 9.1 %, the propagation losses in the WG
(section 7.5.2) over a distance of 1082 um and the splitting ratio of the WG of f% + 4.4%
(section 7.5.2), the expected number of photons at the detector position can be calculated
analog to the calculation of expected APD count events in section 7.5.3. This results in an
estimated number of photons of 132855 + 43975 at SNSPD-1 and of 101458 + 34191 at
SNSPD-2. At a bias current of 13.5 uA/11.9 pA (SNSPD-1/SNSPD-2), the DE was extracted
to be 21.8 £7.2%/1.8 + 0.6 %. Out of the bias dependence of the detectors the detection
efficiency for a higher bias level can be calculated to 47.5 + 15.7 %/11.2 + 3.8 % at a bias
current of 15.2 uA/13.0 pA.

Dark Count Rate

The dark count rates of the SNSPDs show clear signs of thermal noise counts which can be
attributed to the free-space setup 7.3.2. When decreasing the bias currents below 15.2 uA
for SNSPD-1 and 13 pA for SNSPD-2 respectively, it deviates from an exponential bias
dependence, which would be expected for dark counts intrinsic to a SNSPD [146]. The
SNSPD-2 suffers from a high number of dark counts caused by the higher current density in
the constriction.

Instrumental response function

To evaluate the timing characteristics of the detecion setup, the instrumental response function
(IRF) was characterized: The IRF in fig. 7.42(b) was measured for the full on-chip detection
setup for a pulsed laser excitation at a wavelength of 890 nm without the use of the pulse shaper
at a pulse width of 3.3 ps. It is equivalent to the system timing jitter of the full setup. The bias
current for both detectors was set to 12 nA. This bias level was chosen to operate both SNSPDs
at an identical absolute bias condition without regarding the defect in SNSPD-2. IRFjjpgle
is the IRF for the correlation of a single SNSPD with the laser trigger as used for a TCSPC
measurement. It is the convolution of the timing characteristics of the individual components
in the free-space setup: The timing variations of the corresponding electrical trigger signal
Turiggers the timing jitter of the corresponding detector Tsnspp; the timing characteristic of the
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amplifiers and electronic cables Tamp; the timing resolution of the used TCSPC electronic
THydraHarp- A Gaussian fit reveals a full width half maximum (FWHM) value of 104 ps for
the detection setup with SNSPD-1 and 99 ps for the detection setup with SNSPD-2 at a bias
current of 12 uA. Due to a short pulse-duration of approximately 3.3 ps, the influence of the
unshaped excitation laser pulses can be neglected.

_ 2 2 2 2 172 _
IRFingle = (Ttrigger + Tsnspp T Tamp T THydraHarp) =101 £3 ps, (1.7

IRFsystem is the IRF for a correlation experiment, time correlating both detector signals with
each other. Itis the convolution of the timing accuracy of the corresponding detectors Tsnspp-1
and Tsnspp-2, and the timing accuracy of the amplifiers and electronic cables T,y as well as
the used TCSPC electronic THydraHarp for each individual readout channel. The IRFsysem was
determined to have a value of 130 ps (FWHM). Since both detectors trigger on the same laser
pulse, the optical jitter of the pulse can be neglected. In addition, since the measurement
characterizes the two detectors in time relative to each other, no external jitter has to be
considered.

IRFsystem = (Tanspp.1 + Tonsppa +2 * Tgmp +2x Tl%lydraHarp)l/z =130 ps. (7.8)

7.5.5 On-Chip Emission and Detection
Above-Band Excitation of a QD Ensemble

In preparation for the final experiment, first tests of the on-chip detection of QD light were
done using a full QD ensemble. Therefore the experiment introduced in section 7.4.2 was
performed. The laser was adjusted to an above-band wavelength of 800 nm for excitation. The
laser was focused onto the sample surface and driven perpendicular over the cover and the
waveguide on the cleaved side of the BS, as seen in section 7.4.2, from x = —175 to 175 um.
The zero of the x-axis is hereby defined as the middle of both WG arms. The experiment is
performed at a distance of the excitation laser of ~1100 um to the SNSPD. Both SNSPDs were
adjusted to a bias current of 12 uA for a comparable efficiency. By driving over the on-chip
AIN covers, the efficiency of the covers to prevent photons from entering the substrate can be
investigated. The measured data is shown in fig. 7.44.

At an x-value of —175 um the laser spot position is on the GaAs at the side of the AI/AIN cover
and the counts on the detectors resembles the stray light. At x = —150 um the laser drives on
the cover and the count rate of the detectors decreases until it reaches a stable level. The stable
count rate is in the order of magnitude, albeit slightly higher than the DCR. At x = 50 um the
laser drives of the cover and the laser already starts to excite some QDs, so the count rate is
slightly increased above the stray light level. For the laser spot getting closer to the middle
of the first coupler arm at x = —25 um, the efficiency of QD excitation in the WG increases
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Figure 7.44: Detector response in dependence on the position of the excitation laser relative to the waveguide. The
black line shows the position-dependent count rate for SNSPD 1 and the red line for SNSPD-2. The
level of stray light is indicated by the dashed blue line. The lower blue line represents the stray light for
SNSPD-1, the upper for SNSPD-2. The position of the on-chip Al-cover is indicated. The red dotted
line shows the DCR level for SNSPD-2, the DCR level for SNSPD-1 is below the depicted range of the
y-axis.

and the count rate reaches a maximum. At x = —10 pm, the count rate again decreases when
the laser spot is on the Al cover mirror. The general progression of the count rate on laser
position is mirrored symmetrical and further follows the already described dependence. The
strong suppression of stray light when the excitation laser is on the Al/AIN cover, conclusively
demonstrates that most of the stray light is guided through the substrate before reaching the
detector. Out of this measurement a splitting ratio of the WG for the full QD ensemble can
be extracted. By comparing the heights of the two visible peaks, the splitting ratio calculates
to 32 %/68 % for SNSPD-1 and 40 %/60 % for SNSPD-2. A difference in the splitting ratios
for each SNSPD is caused by a different brightness for the excited QD ensembles. The
measured splitting ratio coincides with the splitting ratio measured off-chip (section 7.5.2).
Since a broad band of wavelengths are emitted by the QD ensemble, the exact splitting ratio
for the wavelength of the resonantly-excited QD cannot be extracted. The signal-to-noise
ratio for excitation in the WG arm 1/arm 2 including dark counts is 18.7/41 for SNSPD-1 and
17.8/11.7 for SNSPD-2. When the dark counts are subtracted, a SNR of 18.7/41 for SNSPD-1
and 25.3/16.5 for SNSPD-2 can be extracted. The accumulated SNR values, calculated by
summing up the emission at both sides of the splitter without DCR, are 59.7 for SNSPD-1
and 41.8 for SNSPD-2. The SNR is significantly increased in comparison to the SNR values
on the same single-side polished substrate determined for a straight WG (section 7.4.2) from
8 to 41.8. The the increase of the SNR by a factor of 5 can be attributed to the presence of
the used on-chip cover layer.

Resonant Excitation of a Single QD

For on-chip measurements, the previously used QD was resonantly-excited to 70 % of the
m-pulse. The QD was excited at a distance of 82 um to the BS on the cleaved side. The
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Figure 7.45: On-chip TCSPC measurement of the resonantly excited QD reveal, that the time-dependent intensity
follows a mono-exponential decay with overlying oscillations. The red line is a fit to the measured data
for SNSPD-1 and the blue line a fit to the measured data for SNSPD-2. For better visibility, measured
data points for SNSPD-1 were multiplied by a factor of 10 to separate them from the data of SNSPD-2.
Reprinted with permission from [SSR*18]. Copyright 2018 American Chemical Society.

photons are guided through the coupling region of the on-chip beam splitter and are split into
the two waveguide arms, where the photons travel 500 um in the WG, enter the taper and reach
one of the two SNSPDs. The SNSPDs were operated at a bias current of 13.5 uA and 11.9 yA
since the SNR was lower for higher bias currents due to an increased DCR. At these currents
the detectors have a detection efficiency of 21.8 + 7.2 %/1.8 + 0.6 % (SNSPD-1/SNSPD-2).
For cw-resonant excitation of the QD on the SNSPD-1/SNSPD-2, an overall count rate
of 400kHz/40kHz can be measured. In this count rate stray light photons at a rate of
23 kHz/6.5 kHz and dark counts at a rate 0.25 kHz/3.5 kHz are included. The resulting SNR
is 16.2/3.0 and 16.4/4.6 when dark counts are subtracted.

For pulsed-resonant excitation of the QD on the SNSPD-1/SNSPD-2 an overall count rate of
36kHz/7.5 kHz can be measured. The count rate caused by stray light in the pulsed case is
4.8 kHz/1.4kHz and that caused by dark counts is 0.9 kHz/4.0kHz. In consequence, a SNR
of 5.3/3.0 can be calculated and a SNR of 6.3/4.6 when dark counts are subtracted. The SNR
for pulsed-resonant excitation is lower because of a less efficient excitation connected to a
larger spectral width of the excitation laser.

On-Chip TCSPC

To evaluate the timing characteristic of the QD and the suitability of the on-chip detectors for
on-chip time-correlated experiments, a time-correlated single-photon counting experiment
was performed on-chip using pulsed-resonant excitation. The measurement was performed
by correlating SNSPD pulses with the trigger signal from the excitation laser. The resulting
photon intensity distribution is shown in fig. 7.45.

The time-dependent intensity distribution shows a Gaussian-shaped rise corresponding to the
IRF (section 7.5.4) with a subsequent decay. The decay was fitted by an exponential decay
with overlying harmonic oscillations.
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f(@) = Aexp(* =) . cos(2n 1 + @), (7.9)

where ¢ is the time, 7y is the time shift of the maximum to 0, A the maximum intensity,
f is the oscillation frequency, ¢ is the initial phase and 7 is the decay time. #y, A, f and
¢ are the free fitting parameters. For the fit eq. (7.9) was convoluted with the Gaussian
IRF and the pulse duration of the excitation laser pulses (35ps). Out of the fit a decay
time for the QD of 275.5 + 0.6 ps/277.3 + 2.1 ps (SNSPD-1/SNSPD-2) was extracted. The
decay time should be the same for both detectors and is comparable within the tolerance
for the measurement. The decay time is comparable with the decay time for a single QD
under resonant excitation measured in a straight waveguide (section 7.4.5). The decay is
mono-exponential with superimposed harmonic oscillations. An oscillation frequency of
4.647 +0.021 GHz/4.683 + 0.018 GHz was extracted out of the fit. The oscillations can be
explained by the previously seen fine structure splitting by an excitation of both fine structure
components. It stems from quantum interference between the horizontal and the vertical
component of the exciton and, therefore, a turning of the polarization of emitted photons. The
WG acts as a polarization filter for QD emission since only the fundamental TE mode can
couple to the WG. These oscillations are considered as quantum beats [224]. The measured
frequency corresponds very well to the measured fine structure splitting of 4.60 + 0.14 GHz by
the resonance scan (section 7.5.3). This allows the conclusion that, indeed, a single QD with a
splitted fine structure is excited and not two independent dots. Furthermore, the measurement
shows that SNSPDs can be used as fast detectors for the on-chip detection of QD emission
and allow the measurement of specific properties on short time scales.

7.5.6 Fully On-Chip Hanbury-Brown and Twiss Experiment

After the successful characterization of all on-chip components a fully on-chip Hanbury-
Brown and Twiss experiment was performed. A HBT with a g®)(0) < 0.5 proves the operation
of all on-chip components together on a single-photon level and proves the operation of the chip
on a quantum level. The on-chip second order correlation measurement g?(0) is performed
similarly to the TCSPC measurement in the previous section. However, the response of one
SNSPD is recorded using the response of the second SNSPD as a time reference.

The first HBT measurement was performed using cw-resonant excitation. The small linewidth
of the excitation laser allows the excitation of a single fine structure component. The raw
data of the cw measurement is shown in fig. 7.46a. At zero time delay a clear anti bunching
behavior is visible. At approximately +0.5 ns delay a slight bunching behavior is visible. This
bunching can be caused by spectral diffusion caused by spectral jumps [225] of the QD line due
to electrical fluctuations caused by the excitation laser power [67] and Rabi oscillations [68].
To extract the g?(0) value, the fit function includes spectral diffusion and Rabi oscillations:
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Figure 7.46: Second order correlation measurement using the full on-chip HBT setup. (a) g/® of the on-chip QD
under cw-resonant excitation. The red line is a fit to the data. The dashed line indicates the dark count
level. (b) g of the on-chip QD under pulsed-resonant excitation. The data is shown with (black) and
without (red) dark counts, the gray areas indicate the areas for which the g(z)(O) is calculated. Reprinted
with permission from [SSR*18]. Copyright 2018 American Chemical Society.
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where A is the maximum of anti-bunching, B the maximum of bunching and 7;, the timescale
caused by spectral diffusion. I is the radiative decay rate, I, the damping rate, C =
VQ2 - 1/4 - ([} - T)? and Q the Rabi-frequency. T is assumed to be the reciprocal of
the measured decay time from the excited QD state (fig. 7.45), and I'; can be calculated out
of the excitation power-dependent measurements of the QD intensity / (section 7.5.3) and a
measurement of the spectral line width A (section 7.5.3) using the theoretical expressions of
the emission intensity at zero detuning eq. (7.11) and eq. (7.12) [128]:

2
Q Plaser
I o 5«
l—‘1 l—‘2 +Q Plaser + Plaser()

(7.11)

(7.12)

where Py is the excitation power of the resonant laser and Py,ger0 is the excitation power at
the saturation of the QD emission. With the line width being A = 1.74 GHz and the power
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7.6 Summary

Plaser = 0.43 - Ppagero We can calculate I't = 3.63/ns, I'; = 4.52/ns and Q = 2.66/ns. The
remaining fit parameters are A, B and 7,. When taking into account the IRF of the used setup
of 130 ps, a g (0) value of 0.24 + 0.06 can be extracted by a deconvolution of the data. If the
IRF is not taken into account, a g®(0) value of 0.27 + 0.06 can be extracted. The calculated
function has a good conformity to the measured data (fig. 7.46a), including the width of the
anti-bunching dip. More details on the fits can be found in the PhD thesis of M. Schwartz [124].
By subtracting dark counts from the measurement, the g®(0) reduces to 0.17 + 0.04. This
means that over 90 % of detected photons are on a single-photon level and stem from QD
emission. This is very close to an expected g (0) value of 0.293 (0.225 excluding dark
counts) connected to the measured SNR under cw-resonant excitation (section 7.5.5).

For an application in quantum computation, the on-demand emission and detection of single
photons is crucial. For the deterministic generation of high-quality photons with vanishing
effects of dephasing, pulsed resonance fluorescence has been anticipated as the optimum [58].
Therefore, an on-chip auto-correlation measurement was also performed using pulsed resonant
excitation fig. 7.46b. The excitation power was chosen slightly below the m-pulse. At zero
time delay the peak is suppressed, showing a clear anti-bunching behavior. The g(0) value
is calculated by comparing the area of the peak at zero delay with the average area of all
other peaks by adding up the intensity in each peak in a time interval of 2.56 ps around
the maximum. The raw value of the calculated g®(0) is 0.59 + 0.06 and 0.41 + 0.04 after
correction for detector dark counts. This proves that 77 % of detected photons stem from
single-photon emission. The smaller g?(0) value in case of cw excitation is caused by the
smaller line width (500 MHz compared to 15 GHz) and therefore more efficient excitation of
the QD with less relative stray light [69]. Since the intensity of the QD emission is smaller
for pulsed excitation, the relative DCR is higher than for CW excitation. [SSR*18]

This shows that the full on-chip HBT setup, which includes all three relevant components
monolithically on the same chip, can be successfully operated on the single-photon level
under resonant cw as well as on-demand under pulsed excitation. The SNR was successfully
improved by the addition of an on-chip AI/AIN cover to the detectors and to the sides to
the WG. This demonstration is the first successful monolithic on-chip integration of a full
quantum-photonic circuit.

7.6 Summary

In this chapter, a fully integrated on-chip Hanbury-Brown Twiss setup was successfully
demonstrated on a full monolithic GaAs-platform for the first time. To make this possible,
the influence and reduction of noise counts was investigated. By using a fiber-coupled setup,
the number of dark counts can be reduced by two orders of magnitude over a free-space
setup. Thermal noise can be reduced by the filtering of thermal photons at the cold stage.
Stray light was shown to have a position-dependent and a position-independent component.
It was found that an on-detector AI/AIN cover is efficient in shielding the detector from the
top, which reduces the amount of stray light by a factor of 2.6. However, it was found that
a significant amount of stray light photons are guided in the substrate. To further reduce
stray light, the substrate backside can be modified. A stray light suppression in the order of
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7 Monolithic On-Chip Integration of a Full Quantum Photonic Circuit

2 to 6 can be achieved by using a dual-side instead of a single-side polished substrate. A
small inclination of the excitation laser to guide stray light away from the detector showed no
significant improvement compared to a perpendicular excitation of the QD. The emission and
detection of above-band and resonantly-excited QD photons was demonstrate on-chip utilizing
a straight WG. To improve the SNR, it was found that the total length of waveguides should be
kept as short as possible if a WG with an attenuation >3.5 + 0.2 dB/mm is used. For a lower
attenuation, an optimal distance for QD excitation of ~1100 um to the detector was found.
The fully on-chip HBT sample was built up on a single-side polished substrate. An on-chip
beam splitter with a splitting ratio of fg—:; + 4.4% was implemented alongside SNSPDs with
a detection efficiency of up to 47.5 + 15.7 %. By the use of AI/AIN as covers on the detector
and as large patches at either side of the WG, stray light is partly blocked from entering
the substrate. An improvement of the SNR for a single QD under resonant excitation from
0.48 to 16.2 was achieved using large covers. This enabled the first demonstration of a full
photonic chip including single-photon sources, WG-based photonic logic and single-photon
detectors on a single chip operating on a single-photon level. The single-photon operation
was demonstrated under cw as well as pulsed-resonant excitation in a free-space setup at a
temperature of 4 K without the utilization of time gating techniques and spectral filtering.
The monolithic approach of this thesis offers a method to straightforward realize large-scale
quantum-photonic chips with a large range of capabilities by adding additional elements like
phase shifters [60] and multiple sources of indistinguishable single-photons [62], which can be
implemented on GaAs directly. By an implementation of all studied suppression techniques,
the SNR and fidelity of the single-photon operation can be further increased. To further
decrease stray light, the covers can be increased and put closer to the WG, in addition, to the
use of a dual-side polished substrate.
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8 Conclusions

In this thesis, SNSPDs for the monolithic integration of a fully integrated quantum-photonic
circuit were investigated. GaAs was used as basic material system since it allows the inte-
gration of high-quality QD single-photon sources and the integration of a passive on-chip
logic. The SNSPDs were made from thin NbN films to allow the operation at a temperature
of 4 K. The growth of uniform NbN films on GaAs, which are required for efficient SNPSDs,
is challenging due to a low thermal stability of the substrate, a significant lattice mismatch
and interdiffusion of oxygen and arsenic from GaAs into the NbN. By the use of an AIN
buffer layer and a careful optimization of deposition parameters a 7Tc = 12.1 K, ATc = 1.1K
and RRR = 0.9 was reached for a 5.5 nm thick NbN film. This is a significant improvement
in comparison to previously reported 7¢ values for thin NbN films on GaAs (8.2K [81],
8. 7K [80], 9.4 K [189]). The AIN buffer acts as an effective diffusion barrier and improves
the NbN film quality at a thickness as small as 2.5 nm. The optimal AIN thickness was found
to be 12 nm. In addition, the obtained 7¢ > 10.5 K for all investigated AIN thicknesses should
be sufficient for a SNSPD operation at 4.2 K. This opens the scope for integrated SNSPDs on
AIN-based photonic circuit using sputtered films. AIN films sputtered at room temperature
have a &, = 9.9 £0.3 and tand < 0.005 and were successfully used as a dielectric for the
integration of a high pass filter with a 3 dB bandwidth of 5.6 GHz. This demonstrates that the
sputtered AIN films have a sufficient quality to be used as a dielectric for on-chip RF circuits.

A double-spiral SNSPD design and a novel concept to integrate such a detector onto a single-
mode waveguide using a tapered structure was introduced. The influence of an AIN buffer
layer for NbN SNSPDs on GaAs was investigated by fabricating SNSPDs with and without
buffer layer. The buffered SNSPD had a from 8.7 K to 9.3 K increased 7¢ and a significantly
increased Ic from 8.8 uA to 16.5 uA in comparison to a SNSPD without buffer layer. This
translates to a significantly increased detection efficiency of the buffered detector over the full
investigated spectrum from 400 to 1700 nm in the order of one magnitude for an identical bias
level. At a bias level of Iy = 0.9/ at a wavelength of 900 nm (385 nm) a detection efficiency
of 5% (31%) is reached with an AIN buffer layer. This is a significant improvement in
comparison to the detection efficiency for a SNSPD directly on GaAs with 0.3 % (6 %). For
the buffered detector the dark count rate was decreased by three orders of magnitude and the
system timing jitter was reduced by 36 ps to a total of 72ps. At Ig = 0.95I¢ the buffered
detector was found to be in the deterministic detection regime, which is characterized by an
intrinsic detection efficiency close to unity, for wavelengths shorter than 796 nm, which is
already close to the emission wavelength of 900 nm of the used InGaAs/GaAs QDs used for on-
chip photonic experiments during this thesis. In summary, the AIN buffer layer significantly
improves the detector properties. However, a further optimization is needed to broaden the
deterministic detection regime towards 900 nm.
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As a possibility to push the deterministic detection region towards smaller photon energies
and consequently longer wavelengths, SNSPDs with variable thickness to minimize current
crowding were proposed and tested in this work. Tight bends in the nanowire, as seen
in the middle of a double-spiral SNSPD, cause a so-called current-crowding effect, which
locally suppresses the critical current and prohibits an efficient biasing of the nanowire. In
addition, the vortex entry barrier is suppressed in the bend, which increases the dark count
rate. By significantly increasing the thickness of tight bends (11.3nm) in comparison to
the thickness of straight sections (4.3 nm) in a meander SNSPD, the critical current was
increased by 30 =4 %. This increased the intrinsic detection efficiency to a maximum of
97 % at wavelength of 500 nm, which is an improvement by a factor of three in comparison
to the witness device with uniform thickness with a maximum intrinsic detection efficiency
of 32 %. The detection efficiency was increased for the full investigated spectral range from
500 to 1700 nm. A cutoff wavelength Ac = 1260nm was reached at Iz = 0.90/c, which
is comparable to the Ac obtainable for a NbN SNSPD in a single-spiral design [158]. In
addition, variable thickness devices had a significantly decreased dark count rate in the order
of one magnitude. This demonstrates that the proposed variable thickness design for SNSPDs
is able to successfully reduce the current-crowding effect.

Many technologies in the field of quantum-photonic information technologies require the
characterization of photon-number states. For linear optical quantum computing after the
KLM scheme, detectors with a photon-number resolution of 4 photons are required. Standard
SNSPDs only allow the detection of one photon at a time. To achieve photon-number
resolution using SNSPDs, a concept proposed in [101] was used. In this concept, photon-
number resolution in a SNSPD is obtained by a local shunting of the nanowire. Photon-number
resolving detectors were designed and fabricated on sapphire as well as on GaAs substrate
with two slightly different designs. The design of the SNSPD on GaAs is an evolution of
the detector design on sapphire that allows waveguide integration. For the first time, 3- and
4-photon resolving detectors in a series design were demonstrated at temperatures >4.0 K.
The timing jitter for both detectors was in the range of 130 ps. The measured statistics of
the 3-pixel PNR-SNSPD on sapphire accurately represented the statistics of the used pulsed
fs-laser with a repetition rate of 100 MHz and A = 1550 nm, up to a mean photon number of
60 photons/pulse at a detection efficiency of 8.5 %. This is the first demonstration of a series
PNR-SNSPD on sapphire. The intrinsic detection efficiency of the 4-pixel PNR-SNSPD on
GaAs was estimated to 77 % at an Iy = 0.91c. The statistics of a ps laser with a repetition
rate of 76 MHz and A = 900 nm was accurately represented up to a mean photon number of 5
photons/pulse at detection efficiency of 22.7 + 3.0 %. The dynamic range and timing jitter was
found to be limited by the readout and not intrinsically by the SNSPDs. A 4-photon number
resolution was also found for a variety of light sources: a cw laser, a LED and a halogen light
source and for all investigated wavelengths. A spectral range of 740 to 1550 nm was used to
investigate the photon-number response of detectors. The response of the detector on GaAs to
an almost ideal InGaAs/GaAs single-photon source was recorded on the one and two photon
level and compared to a pulsed laser source with the same intensity. This demonstration
showed the ability of the developed detector to directly discriminate a sub-Poissoninan from
a Poissonian light source. This demonstration shows the practical benefit of a PNR-SNSPD
for integrated quantum-photonic information systems. With the longer absorption length on
a waveguide, together with an increase in the intrinsic detection efficiency using a variable
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thickness approach, a detection efficient close to unity is in reach for a waveguide integrated
PNR-SNSPD with identical film quality.

Since previous demonstrations of the integration of QD with detectors on a single-chip [108]
[72] severely suffered from stray light from the pump laser, the influence and suppression
of noise counts for a SNSPD was investigated. It was found that the use of a fiber-coupled
setup reduces the amount of dark counts by two orders of magnitude. Stray light of the
excitation laser was found to be the main source of false detector counts and was found
reaching the detector directly as well as through the substrate. The introduction of a AI/AIN
cover layer directly on the detector was found to effectively shield the SNSPDs from direct
stray light, which reduced the total amount or stray light on the detector by a factor of 2.6.
By the use of a dual-side polished substrate instead of a single-side substrate, stray light was
further reduced by a factor of 2to 6. A small inclination of the pump laser to guide stray
light away from the detector showed no significant improvement in comparison to a standard
perpendicular orientation. By integrating a SNSPD onto a single-mode WG with integrated
QDs, the emission, guiding and detection of above-band and resonantly excited QD photons
was demonstrated. The SNSPD was implemented in a double-spiral design onto the broad
side of a 250 um long linear taper. It was found that the best signal-to-noise ratio is obtained
by an excitation of the QD as close as possible to the start of the taper, as long as the waveguide
attenuation is >3.5 + 0.2 dB/mm. For a lower waveguide attenuation, the optimal excitation
distance was found to be ~1100 um.

A full Hanbury-Brown and Twiss setup was monolithically integrated into a single-GaAs
chip using InGaAsGaAs QD single-photon sources, single-mode waveguides, a waveguide-
based directional beam splitter and two SNSPDs. To further suppress stray light, planar
Al/AIN covers were deterministically placed on SNSPDs and next to the waveguides. For
the integrated SNSPDs a maximal detection efficiency of 47.5 + 15.7 % was obtained. The
waveguides were proven to be single-mode with an attenuation of 9.3 + 1.1 dB/mm. With
a splitting ratio of 56.7/43.3 + 4.4% for the beam splitter at the QD emission wavelength
(876.1 nm) a ratio close to 50/50 was achieved. The QD showed a fine structure splitting
and was characterized off-chip to have an emission with a clear single-photon character with
a g?(0) = 0.08 + 0.03 for pulsed resonant excitation. In a TCSPC measurement using the
on-chip SNSPDs, a distinct beating between the fine-structure components is visible. The
used on-chip covers improved the on-chip signal-to-noise ratio from initially 0.48 to 16.2. The
execution of a fully on-chip Hanbury-Brown and Twiss experiment proved the operation of all
on-chip elements on the single-photon level. For cw resonant excitation of the QD, a g?(0) =
0.24 + 0.06 was found for the raw measurement data. After subtraction of dark counts a
g?(0) = 0.17 £ 0.04 is reached. This shows that over 90 % of detected photons on-chip
stem from single-photon emission. Under pulsed resonant excitation a g®(0) = 0.59 + 0.06
was found for the raw data and g®(0) = 0.43 + 0.05 after subtraction of dark counts. The
larger g®(0) for pulsed excitation can be explained by a lower excitation efficiency of the QD
due to a larger line width of the excitation laser. Nevertheless, the dark count corrected data
shows that over 75 % of detected photons stem from single-photon emission. This proves a
successful on-demand operation of the on-chip setup. This demonstration is the first successful
demonstration of a full quantum-photonic chip on a scalable monolithic platform. The shown
experiment demonstrated the successful cooperative operation of all basic elements necessary
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to build up complex quantum-photonic logic on a single chip. This was achieved using a free
space cryogenic setup at a temperature of 4 K without the utilization of time gating techniques
or spectral filtering. The potential of the GaAs material system as a monolithic platform for
quantum information technologies was demonstrated.

As the presented results are a significant break through for the GaAs photonic platform,
consecutive steps that have to be taken for the integration of more complex circuits can be
derived. An improvement of the on-chip g‘®(0) can be achieved by further reducing stray
light and dark counts. Stray light can be further reduced by an extension of the AI/AIN cover
over the full chip and by the use of an absorption layer or a Bragg reflector underneath the
waveguide. Thermal noise can be reduced by the introduction of cold spectral filters. Dark
counts can be reduced by a lower operation temperature or a fiber-based setup. The efficiencies
of the QD and SNSPDs need to be improved to reach an accumulated efficiency above 2/3,
which is required for linear-optical quantum-computing [226]. The QD coupling efficiency
can be improved by an embedding of the QD locally into a photonic crystal waveguide. The
efficiency of the waveguide SNSPDs can be improved by the use of a variable thickness
design to increase the intrinsic detection efficiency. This further provides a larger freedom
for the full detector design and allows for a further optimization of the absorption efficiency.
As a next step, a fully on-chip Hong-Ou-Mandel experiment using two independent QD
single-photon sources has to be demonstrated, to show the deterministic on-chip operation
with indistinguishable photons which is necessary for the implementation of a photonic
qubit. Furthermore, the developed 4-pixel photon-number resolving SNSPDs should be
demonstrated on an integrated photonic chip.
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Nomenclature

Acronyms

ABS absorption efficiency

ADC analog digital converter

AFM atomic force microscopy

APD avalanche photo diode

ASIC application specific integrated circuit
BS beam splitter

CR count rate

cw continuous wave

DCR dark count rate

DE detection efficiency

EBL electron beam lithography

EMG exponentially modified Gauss function
FSS fine-structure splitting

HBT Hanbury-Brown and Twiss

HOM Hong-Ou-Mandel effect

HSQ hydrogen silsesquioxane, a negative tone electron beam resist
IC integrated circuit

ICP inductively coupled plasma

IDE intrinsic detection efficiency

IRF instrumental response function
KLM Knill, Laflamme and Milburn
LOQC linear optical quantum computation
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Nomenclature

MMI
NA

PL

PM
PMMA
PN
PNR
PRF
QD
QPIC
RF
RIE
SDE
SEM
SFWM
SNR
SNSPD
SOI
SPDC
TCSPC
TE
TES
™
WG

multimode interferometer

numerical aperture

photo luminescence

power meter

poly(methyl methacrylate), a positive tone electron beam resist
photon number

photon-number resolution

pulse rate frequency

quantum dot

quantum-photonic integrated-circuit
radio frequency

reactive ion etching

system detection efficiency

scanning electron microscope
spontaneous four wave mixing
signal-to-noise ratio

superconducting nanowire single-photon detector
silicon on insulator

spontaneous down conversion
time-correlated single-photon counting
transverse electric

transition edge sensor

transverse magnetic

waveguide

WG-SNSPD waveguide-integrated superconducting nanowire single-photon detector
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Nomenclature

Constants

kg

€0

speed of light in vacuum: 299792458 m/s
Planck’s constant: 6.626 07015 x 10734 J/s
Boltzmann constant: 1.38064852 x 10723 J/K
vacuum permittivity: 8.854 187817 Asm/V
Ludolph‘s constant: 3.14159. ..

Latin Symbols

D
DEpiatcau
d

diaser

E

Epin
Etherm
Eg

f

f(x)

Jo
g(2)

g™

Ic
GL
127(0)

I dep

I

electron diffusion coefficient

detection efficiency in the deterministic detection regime
thickness

spot diameter of the laser on the sample

electric field

minimal photon energy for deterministic single-photon detection
thermal energy

energy gap

frequency

function of x

resonance frequency

second order correlation function

Glauber function to the n-th order

intensity

critical current

critical current for T +— 0K calculated for the Ginzburg-Landau temperature
dependence

depairing current
leakage current

sputter current
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Nomenclature

Jc
Jr

kasym

k sym
KL(T)

ls
Ly

Lgeo

PAr
PN,
Ptotal

r

R
R(T)
Rg
Raoo

Ry
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re-trapping current

critical current density

re-trapping current density

wavenumber

propagation constant of the assymmetric mode
propagation constant of the symmetric mode
Kupriyanov-Lukichev correction factor
interaction length or inductance

length

electron mean free-path

sheet inductance

geometric inductance

kinetic inductance

effective electron mass

arbitrary natural number or refractive index
defined number

refractive index profile

defined number of x

electron density of states

fit parameter to describe a power law dependence
argon partial pressure

nitrogen partial pressure

total system pressure

radius

reflected power or reduction factor
temperature-dependet resistance

sheet resistance

room temperature resistance

residual resistance



Nomenclature

Rp
Ry
RRR
SR

X+
XX

parallel resistor (shunt resistor)
series resistor

residual resistance ratio
splitting ratio

absolute temperature or transmitted power
time

critical temperature

bath temperature

melting temperature

width

exciton

negatively charged trion
positively charged trion
biexciton

impedance

Other Symbols

I
I
ATc

tan o
Er
n

ncount

K

excitation angle

device- and material-dependent proportionality factor

radiative decay rate

damping rate

width of superconducting transition
superconducting energy gap
dielectric loss factor

relative permittivity

detection efficiency as fit parameter

probability that an excited QD leads to the detection of a photon

attenuation coefficient (complex part of the refractive index)
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Nomenclature

A pearl length

A wavelength

Ac cutoff wavelength

AL London penetration depth

7 average number of photons per pulse

oL Ginzburg-Landau coherence length

m(x) rectangular function

L300 room temperature resistivity

Pdefects resistivity caused by collisions with defects in the crystal lattice
Pelectron resistivity caused by collisions with electrons

Pn residual resistivity

Pphonon resistivity caused by collisions with phonons
Prunneling tunneling resistivity

o standard deviation

IS efficiency of the quasiparticle multiplication process
T characteristic time constant

Tth thermalization time constant

1) intitial phase

o resistivity

rabi frequency

Gates

CNOT controlled not gate
H Hadamard gate
NAND NOT-AND gate

T phase shift gate
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Nomenclature

Chemical Compositions

AlGaAs
Ar*

Ar

As
GaAs
InAs
InGaAs
LiNbO3
MoSi
N2

Nb
NbN
NbTiN
0O,

SFs
SiCl,
SiH
Sio
TaN

Ti

WSi

aluminum gallium arsenide
argon ion

argon

arsenide

gallium arsenide

indium gallium arsenide
indium gallium arsenide
lithium niobate
molybdenum silicide
nitrogen

niobium

niobium nitride
niobium titanium nitride
oxygen

sulfur hexafluoride
silicon tetrachloride
silicon monohydride
silicon oxide

tantalum nitride
titianium

tungsten silicide
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resonant excitation. The black measurement points represent the PL intensity
under resonant excitation. The blue points are measurement with the excitation
laser detuned from the resonant wavelength. The inset is a magnification of the
measured data at the foot of the visible peak. The gray line is a Gaussian fit to
the laser background and the red line is a Gaussian fit to the QD emission caused
by the stabilization laser. Reprinted with permission from [SSR*18]. Copyright
2018 American Chemical Society. . . . . . . .. .. ... ... ... .....
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(a)Intensity of QD emission as a function on the square root of excitation power
including (blue) and excluding stray light (black) Reprinted with permission
from [SSR*18]. Copyright 2018 American Chemical Society. The red line is a fit
of the optical Bloch equations to the data. (b) Coupling efficiency of QD photons
tothe WG. . . . . . . oL
Second order correlation for QD emission under pulsed-resonant excitation char-
acterized using the off-chip setup. Reprinted with permission from [SSR*18].
Copyright 2018 American Chemical Society. . . . . .. ... ... ... ...
a) Count rates as a function of the bias current of the detectors. Red squares
show the count rates (CRs) by excitation of the detectors with laser stray light.
Black triangles show the DCR of the SNSPDs. Results obtained on SNSPD-1
are shown in filled symbols and on SNSPD-2 are in open symbols. Dashed
lines show an exponential fit to the exponential trend of the DCR just before
the SNSPD’s critical current. b) Time response of the detected signal for both
SNSPDs in correlation to the laser trigger, in filled symbols for SNSPD-1 and in
open symbols for SNSPD-2. The corresponding continuous lines are Gaussian
fits to the measured data. Reprinted with permission from [SSR*18]. Copyright
2018 American Chemical Society. . . . . . . .. ... ... ... ... ...
SEM image of SNSPD-2, the exact position of the defect is shown in the inset. .
Detector response in dependence on the position of the excitation laser relative
to the waveguide. The black line shows the position-dependent count rate for
SNSPD 1 and the red line for SNSPD-2. The level of stray light is indicated by
the dashed blue line. The lower blue line represents the stray light for SNSPD-1,
the upper for SNSPD-2. The position of the on-chip Al-cover is indicated. The
red dotted line shows the DCR level for SNSPD-2, the DCR level for SNSPD-1
is below the depicted range of the y-axis. . . . . . . . . ... .. ... .....
On-chip TCSPC measurement of the resonantly excited QD reveal, that the time-
dependent intensity follows a mono-exponential decay with overlying oscillations.
The red line is a fit to the measured data for SNSPD-1 and the blue line a fit to
the measured data for SNSPD-2. For better visibility, measured data points for
SNSPD-1 were multiplied by a factor of 10 to separate them from the data of
SNSPD-2. Reprinted with permission from [SSR*18]. Copyright 2018 American
Chemical Society. . . . . . . . . . e
Second order correlation measurement using the full on-chip HBT setup. (a) g»
of the on-chip QD under cw-resonant excitation. The red line is a fit to the data.
The dashed line indicates the dark count level. (b) g(z) of the on-chip QD under
pulsed-resonant excitation. The data is shown with (black) and without (red)
dark counts, the gray areas indicate the areas for which the g®(0) is calculated.
Reprinted with permission from [SSR*18]. Copyright 2018 American Chemical
Society. . . . .
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